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Abstract 
 
The reconstruction of the pharmacological and cosmetic practices of our ancestors is an 
important topic in the archaeological investigation. Drugs and cosmetics are important sources of 
information not only because they are a matter of daily life, but also because their social, cultural 
and economical implications. Under this light, the organic residues preserved in potsherds and 
various vessels may deliver key elements in elucidating our history. Due to chemical complexity of 
such organic residues, accurate and powerful analytical chemical techniques are required.  
The present work focuses on the application of different mass spectrometry approaches, 
mainly based on soft ionization techniques, aiming to reconstruct the original material used for the 
formulation of drugs, ointments and cosmetics in the past, through the identification of lipid 
fractions of organic residues found in archaeological artefacts.  
In order to cover in detail this analytical challenge, samples from different ages and location 
were studied. In particular, we investigated the organic residues found in vessels having the well 
known shape of kohl container from the ancient cities of Assiut (Egypt, Middle Kingdom),  beehive 
remains from the Etruscan site of Forcello (Italy, 500-480 B.C) and various ointments of late 
monastic provenance (Spain, XIV- XVII A.C.) 
The first goal of the research was to asses and validate a soft ionization - mass spectrometry 
approach for recognizing the original materials in archaeological residues by triacylglycerols 
(TAGs) identification. In fact, despite the chemotaxonomic potential of TAGs  in determining the 
origin of lipid substances, few are the related applications reported in literature.  
Therefore, we performed a comparative study on the TAGs distributions found in the 
archaeological residues and in different natural lipid-containing materials used as references. 
Thanks to the use of recently introduced non-porous core-particles stationary phases , we have been 
able to develop a new liquid chromatographic – mass spectrometry method  capable to resolve 
complex lipid mixtures in very short time. The very good chromatographic performances prevented 
co-elution and enabled  the use of  database containing more than 500 TAGs molecular formula for 
the research of TAGs in the samples. Two different ionization sources were employed (APCI and 
ESI) and their performance were compared. In particular, their use appeared complementary, due to 
their different sensitivity against unsaturated TAGs. 
Analysis were carried out also by GC-MS (with an electron impact ionization) which is 
currently the most employed technique for the characterization of lipids in archaeological residues. 
A new derivatization procedure based on the use of switchable polarity solvents (SPS) was tested 
with the aim to identify specific conditions for ancient residues treatment. In fact, due to general 
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scarcity of archaeological residues for the analysis and the need of performing a broad range of 
different characterizations on the same material, the development of new methods capable to 
separate all the different components in few steps, minimizing the loss of material, is particularly 
important. 
The analysis carried on the historical ointments residues gave us the possibility to evaluate the 
performance of the methods in a unprecedented and controlled aging experiment. This was possible 
thanks to the presence of latin label on the vessels, indicating the original recipes adopted to prepare 
the ointments, retrieved in extraordinary detail from historical bibliographic sources. This study 
gave us also the possibility to gain important indication for reconstructing the pathways of 
degradation of lipid materials in complex compositions. Hydrolysis and oxidation products were 
found as predominant fraction in the residues. Nonetheless, the original lipid material were still 
recognizable thanks to the use of LC-MS, because the surviving TAGs were very selectively 
separated from the other components and identified.  Artificial aging treatments on TAG standards 
and the reference material showed the absence of inter-conversion phenomena from saturated to 
unsaturated TAGs confirming the validity of TAGs as biomarkers. 
Noteworthy, the characterizations of the lipid components of the historical ointments obtained 
by LC-MS were in agreement with those obtained by the application of GC-MS and other analytical 
techniques generally adopted in the study of the archaeological residues (such as FTIR).  
Consistency of the TAG profiling approach by LC-MS in recognizing the original lipid materials 
was also acknowledged through a large scale round robin test involving eleven laboratory with 
consolidate experience in the analysis of archeological objects. In particular, we showed as LC-MS 
is the most powerful technique in determining the origin of oily and fatty substances. At the same 
time, the characterisation of these ointments enabled us to give precious contributions in the study 
of an important historical period, in which the monastic pharmaceutical practices were changing 
from a classical “humoral medicine” to the application of the experimental approach. 
Nice results were obtained also by analyzing the khol remains from the ancient Egyptian city of 
Assiut. Thanks to the complementary use of information regarding TAG distributions and the 
structural feature of some specific TAGs, we have been able to distinguish vegetable oil from 
animal fat. In some cases, we have been also able to identify very precisely the provenance of the 
fatty materials. Very difficult was instead the characterisation of  beehive remains found in the 
Etruscan site of Forcello, which is thought to be one of the first archaeological evidences of 
beekeeping practice prior to the classical age. The problems were related probably to 
contaminations of the surface, due to the firing process encountered by the archaeological site after 
his apogee (fifth century BC). 
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Finally, the retrieved data regarding archaeological and reference materials were submitted to  
similarity analyses based on  multivariate statistical approaches. Because TAGs are formed in 
nature by biosynthetic pathways, involving various living organism, they show correlations in their 
distributions, thus the use of principal component analysis (PCA) was important to reduce the 
redundant information and found emerging properties. In particular, hierarchical cluster analyses 
showed that animal fat and plant oil can be distinguished by the application of similarities 
measurement of their TAG distributions. Distinction were retained also by considering together the 
distribution data of the reference and archaeological materials. PCA evidenced which  TAGs were 
more effective in the distinction of the different classes of materials. 
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1.  General introduction: identification of lipids in archaeological 
residues 
  
 
1.1 Mass spectrometry  for residue analysis  
 
Nowadays archaeological sciences heavily rely on the evidences provided by the application 
of analytical chemistry techniques. Chemical diagnosis tools are often applied together with the 
investigation carried out by archaeologists and historians to acquire precious information on the 
materials as well as their state of conservation. The aim is either to reconstruct the historical, 
cultural and social background of a given period in a given geographical area,  either to plan 
conservation and restoration approaches, in accordance with the requirement of the modern 
“Conservation Science”.1 
Characterization of organic residues has been always considered extraordinary important  
mainly for three principal reasons. First of all, organic substances can be important constituents of 
cultural heritage objects (alone or mixed with inorganic compounds), used as finishing items  and/or 
as consolidant. Secondly,  due to the fact that organic materials are more prone to degradation, and 
it is possible to reconstruct the chemical pathways of this process, they can be a key element in 
determining the overall decay of an object, and to plan restoration intervention also. Third, organic 
materials occur often as residues of important substances used by  humans for everyday life such as 
food, beverage, medicines, cosmetics and perfumes. Hence, they can yield useful information to 
address many archaeological questions,
2
  which deal from the use and function of objects in which 
these residues were found, and therefore including the exploitation and management of natural 
substances over time, as long as the reconstruction of the use and costumes of the related 
communities. This is in fact extraordinary important in the framework of  studies related to how the 
humans of the past organized themselves into social groups, what they ate, made, and believed; how 
they communicated and why their societies changed. 
It is widely accept that, in order to determine nature and origin of organic residues, it is 
necessary to develop precise analytical strategies that allow elucidation of the chemical 
composition, due to the lack  of easily recognizable morphological attributes.
3
 This is the reason 
why mass spectrometry (MS), thanks to its unique capabilities, plays a prominent role in this field.  
In fact, the high sensitivity and high selectivity obtained by mass spectrometry techniques 
allow to carry out exploitation on tiny amount of sample. The accuracy in high resolution molecular 
weight determination (on entire molecules and induced fragments) provide fundamental structural 
12 
 
information.
1
 In addition, because mass spectrometry  can be coupled with chromatographic 
techniques, such as gas chromatography (GC) and high-performance liquid chromatography 
(HPLC), it open the way to obtain detailed compositional information in complex mixtures and gain 
the solution of problems, which are not easily handled by other analytical techniques. Finally, the 
continuous introduction of technical improvement such as MS
n 
tremendously enhances sensitivity 
and selectivity of this analytical approach.
4
 
 Historically speaking, GC-MS was the first technique (1980s) applied in the study of 
organic residues. This is the principal reason why most of the literature regarding application of 
mass spectrometry in the archaeological science is focused on GC-MS application. In particular the 
latest study were aimed to the characterization of terpenoid resins and tars.
5
 In these pioneer works 
the approach showed the lack of a  systematic vision and it was limited to the analysis of various 
samples by FTIR, GC, or GC–MS. Only in the 1990s,  thanks  to the work of  the team lead by 
Richard Evershed, investigations of major series of archaeological and reference samples were 
carried out  to found the molecular markers of the materials enabling the elucidation of the origin of 
archaeological remains.
6
 This approach is nowadays the most adopted for the recognition of waxes 
and lipids and is enforced by  recent advances such as the determination of carbon stable isotope 
compositions of individual compounds by GC–CIRMS7 and the use of  soft ionization techniques.8 
 
 
1.2  Recognition of lipids in  pottery. A key for reconstructing ancient pharmaceutical 
practices 
 
As pointed out in the previous paragraph, the study of amorphous material found in 
archaeological and/or historical vessels, which were related to various aspects of everyday life in 
past societies, represent an extraordinary insight into the technology, social customs and 
organization, diet, medicine and rituals in antiquity. 
Under this light, fats and oil of various nature and origin, are one of the most precious 
source of information because they are one of the most available and recognizable archaeological 
organic residues. This is due to either to their widespread use in the past in (for cookery, for 
lighting, and as ingredients of cosmetics, balms and medications)
9
  either to their stability, which is 
particularly enhanced when they are trapped in the porous clay matrix of ancient pottery.
10, 11
 Also 
waxes are very common and have been used since antiquity for many purposes such as sealants, 
surface coatings and polishes, casting and modelling materials, ingredients of balms and cosmetics, 
and lighting candles.
12
 Differently, lipids from marine products are encountered less frequently and 
13 
 
are the object of very specific studies, which provided evidence that the processing of marine 
animal products was a really ancient practice.
13,14
  
Focusing on the study of ancient pharmaceutical and cosmetic preparation, fat, oils and 
waxes were the prevalently employed to obtain the “base” which was mixed with other components 
such as spices from plant extracts, resins and inorganic substances. These formulations were used 
either for therapeutic, cosmetic or ritual purposes.
15,16,17,18,19
  
In some cases plant oil such as olive oil were used also on their own as emollients and to 
protect the skin. In particular, mixtures of oils with alkali substances such as lime or natron were 
used to cleanse the body since very remote time. A recipe described by Pliny the Elder (Naturalis 
Historia, Book 32, 23-79 A.D.) reports how olive oil was warmed together with lead oxide 
(litargirium) and water to obtain insoluble lead soaps together with an glycerol aqueous phase. This 
ingredients were  widely used in Greco-Roman times  in several preparations. Probably, cosmetic 
production technology involving lead salts and lead soaps were used since the ancient Egyptian 
times. The ancient Egyptian in fact attached a great importance to cosmetic not only for make man 
and women more attractive, but also to venerate the gods.
20
 A lot of vessel containing cosmetic 
were found as funerary equipments because believed to enable the process of rebirth and the 
hereafter.  
 
 
1.3  Challenge in lipid residue analysis 
 
 For a chemical point of view, organic residues are very complex mixtures, even when they 
seems to be well preserved  in pottery. 
 The retrieved lipids are in fact a result of several factors:  the specific use of the vessels, the 
degradation and contamination processes affecting the residues during burial. In particular 
degradation is determined by a wide range of diverse physical, microbial and chemical processes. 
Also contamination which may be happen after unearthing can have different explanations as well 
as severe affect the lipid profile of the residue, especially when archaeologist don’t follow 
established sampling protocols.
21
 Last but not least the analytical procedures chosen from the 
analytical laboratory must be taken in careful account, because in several cases they are destructive 
or can modify the original composition of the organic residues. Therefore, all these possible 
interactions which may cause a modification must be considered together (figure 1.3.1) 
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Figure 1.3.1 Degradation and contamination processes affecting an archaeological residue during its life cycle 
 
 
It is known that the aging processes are deeply influenced by the environmental conditions 
in which the materials survived.  For instance low oxygen concentration favours anaerobic 
degradation, whereas the presence of acidic or alkaline water cause hydrolysis reactions. Hydrolysis 
of TAGs give raise to the formation of DAGs, MAGs, free fatty acids and glycerol (Figure 1.3.2), 
which due to their lower molecular weight and higher polarity, are more susceptible to leaching 
phenomena.  In several  cases the surviving TAGs represent only a tiny fraction in weight 
percentage of the residues, which is most composed of this degradation product. In other cases, 
some re-concentration phenomena can lead to a better identification of the remaining TAGs.  
Hence the hydrolysis effects affecting the TAGs are hardly to manage but on the other hand 
they can provide reliable indications for indentifying the origin of a specific lipid source.
22
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Figure 1.3.2 Hydrolysis process involving TAGs 
 
Hydrolytic degradation can also be caused by microbiological interactions β-oxidation23 is 
the most well known mechanism of fatty acid metabolism happening under aerobic conditions.  It 
results in a stepwise degradation, which occurs at the carbon located in the β position in respect to 
the carbonyl of the fatty acid. This oxidation is carried out in mitochondria and yields acetyl-CoA  
as final product (Figure 1.3.4). A concomitant process is the ω-oxidation which leads to the 
formation of  diacids.
24
 The key step in all these processes is the esterification of the fatty acid to 
Coenzyme A catalyzed by Thiokinases, which are associated with the endoplasmatic reticulum 
membrane and they are fundamental for the activation of the oxidation processes. The transfer of 
the fatty acid moiety across the mitochondrial inner membrane involves also carnitine as cofactor. 
One of the main effects of the β-oxidation  is the shift of the ratio between palmitic and stearic acid. 
Thus some authors suggest the use with particular care of this indicator to identify microbiological 
contamination, together with other biomarkers such as the presence of erogsterol.
25
 It is very 
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important to evidence that these processes affect only free fatty acids which have been already 
hydrolyzed and they don’t have any impact on intact TAGs. 
 
 
 
Figure 1.3.4  β-oxidation process involving fatty acids after lipid digestion. 
 
 
Contamination  events  which affect  the residues composition can be in some cases easy 
determined. For instance, phthalates easily cause contamination of the residues during handling 
procedure either on site or in the normal analytical laboratory operation, but due to the fact that 
phthalates are “modern” polymers the interpretation of the data is not jeopardized. On the other 
hand, the identification of  hand grease contamination is very difficult because it resemblances with 
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animal adipose fats. Also soil contaminations are particularly debated because the organic matter 
present in the soil comprises a significant amount of lipids which might migrate into the pores of 
the ceramic material of the archaeological records.  
Finally, another important limitation is  the availability of the archaeological materials 
which impose less-destructive and highly sensitive analytical methods 
In order to face this complexity, the analysis of lipid residues in ancient remains is based 
principally on two approaches. The first approach rely on the identification of resilient sample 
components or characteristic that are not modified by the effect of temperature and time. More 
specifically this approach requires the identification of molecules or properties that appear in fresh 
and untreated sample as well as in highly degraded archaeological residues. In this context we 
encounter the “archaeological biomarker identification concept” introduced by Evershed26 and 
focused on the detection of single molecules (biomarkers) both in the fresh material and in degraded 
material, which can be unambiguously linked with a precise natural sources. 
The second approach is based on the study of the fatty acid composition, which is 
technically determined by gas chromatography coupled with mass spectrometry. Lipids are exposed 
to controlled condition in order to simulate aging over archaeological time and burial. Various 
model for recognize decomposition pathways were already proposed.
22
 Difficulties in the 
recognition are essentially due to the presence of mixtures, to the unspecific fatty acid profiles and 
to the fact that the majority of lipid sources contain the same fatty acids.  
This are the principal reasons why emphasis is being placed on the complementary use of 
diagenetically robust and compound-specific stable isotope measurements. In particular, the δ 13C 
values of individual fatty acids are measured through gas chromatography combustion-isotope ratio 
mass spectrometer (GC-C-IRMS) and used to recognize the origin of different plant and animal 
species (plant having different biochemical pathway for the incorporation of CO2 show isotopic 
fractionation ). 
27
 
Despite the techniques used nowadays are capable the look very deep at molecular level, 
they can still fail in identifying  the original source of a residue. For instance,  a  paper of Barnard et 
al.  showed how a potsherd containing heated camel milk was sent to seven laboratories and none of 
them was able to  identify the material.
28
   
Hence, in the study of archaeological records it is very important  collect several analytical 
evidences and historical data in order to establish unambiguously the origin of an organic material. 
In addition to the need to collect information, it is very important avoid simplification when it is 
possible. Under this light chemical derivatization procedures which are frequently used in analytical 
laboratory must be carefully taken in account in the study of archaeological lipids.  
18 
 
In fact, considering that the majority of free fatty acids in most oils and fats derive from TAGs, 
reducing TAGs to their component fatty acids results in a significant loss of characteristic 
information. Thus, the introduction of liquid chromatography coupled with atmospheric soft 
ionization and mass spectrometer detection represent a key step for the development of new 
approaches in the identification of lipid materials in archaeological remains. 
 
 
1.4  Analysis of triacylglycerols by soft ionization techniques 
 
In general, fresh animal fats and vegetable oils contain >95% of TAGs29 that are composed of 
glycerol esterified with three fatty acids.  
 
 
Figure 1.4.1   Chemical structure of a Triacylglycerol (TAG) 
 
 
To precisely determine the structures of TAGs it is necessary address the following 
information: the position of each fatty acid in the glycerol backbone (called sn-1, sn-2, or sn-3 
accordingly to the Fischer projection) of each TAGs ; the carbon chain length of each fatty acid 
which is comprised in the TAG; the number of unsaturations in each fatty acyl moieties comprised 
in the TAG; the position of each unsaturation in the fatty acyl moieties comprised in the TAG ; the 
configuration of each double bond (cis or trans) in the fatty acyl moieties comprised in the TAG. 
Depending on their nature and origin TAGs may display different structural characteristics, 
according to one or more of the above criteria (for instance vegetal oils are rich of medium long 
chain monunsaturated TAGs, animal fats of low chain saturated TAGs and fish oils of 
polyunsaturated long chain TAGs). 
Prior to 2000, investigations of archaeological lipids relied on the use of electron impact 
ionization (coupled with GC or HTGC). Although this remains a valuable method to distinguish 
animal fats from other products such as tars, resins or waxes, it is ineffective in providing 
comprehensive structural information concerning the position of each fatty acid on the glycerol 
backbone. EI-MS spectra of TAGs, dominated by a single fragment resulting from the loss of a fatty 
O
O
O
O
O
OH
O
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acyl radical RCOO only allow to draw conclusions concerning distributions of the TAGs in terms 
of their acyl carbon number and degree of unsaturation. 
The first application of a soft ionization method in 2001 for the study of TAGs in the field of 
archaeological science
30
 revolutionized the way to gain information from lipid materials.  In fact, 
soft  ionization procedures have the particular advantage of separating and determining intact TAGs 
which are not be amenable to ionization by most of the other techniques. Thus, after the 
introduction of soft ionization was possible exploiting overall TAG profiles to identify their origin, 
without applying substantial modification or chemical pre-treatment on the residues.
31,32
  The 
approach adopted was based on earlier studies of modern fats and oils with the same 
methodology.
33,34
Although initially these investigations were focused on olive oil residues, the 
technique was further extended to a wide classes of oils and fats.
35,36,37
  
The first HPLC-APCI-MS analysis of a mixture of TAGs was carried out by Byrdwell and 
Emken 
38
  in 1993 using a Finnigan MAT SSQ 710C quadrupole. They firstly noticed that the mass 
spectra in most TAGs typically showed protonated molecular ions [M + H]
+
 and diacylglycerol 
(DAG) ions [M-RCO2]
+
. The degree of unsaturation was recognized by these authors as the key 
factor in determining the amount of DAG ions vs. TAG ions formed . Because this behaviour yields 
a different response trough the mass spectrometer system for each TAG  and due to the fact is 
impossible have a calibration curve for each TAG (few synthetic TAG standards are commercially 
available), in the same article the authors proposed also  a method based on response factor in order 
to perform quantitative analysis.  
Despite these limitations, the LC-APCI-MS approach became widespread use because it 
enables partially resolved or co-eluting peaks to be identified and certain TAG in complex mixtures 
to be recognized, which is not feasible with other detection methods such as FID, RI or ELSD. In 
addition, as reported by Mottram and Evershed,
39
  the difference in the relative abundance of 
diacylglycerol fragments [M−RCO2]
+
 ion provided by the APCI ionization allow to distinguish the 
positional isomers of an individual TAGs and gain additional information that can be used to 
characterize materials ( in particular some vegetable oils show very similar TAG profiles but can be 
easily distinguished by comparing the regioisomeric ratios for specific TAGs).   
Differently from APCI, ESI ionization usually does not produce a degree of fragmentation 
that can be used for the structural characterization of lipids. This technique is preferred when it is 
ideal to have an abundant and intact molecular adduct ion, such as in the case of the differentiation 
of lipid oxidation products.
40
 To achieve additional structural information tandem mass 
spectrometry can be employed. 
20 
 
Most of the methods thought for the analysis of TAGs and comprising of liquid 
chromatographic separation and soft ionization, have been developed in the field of food 
quality and authenticity due to the related economic interests. 
41,42
  The latest development obtained 
in this area of research, could be, and in some cases they already are, very useful for the 
archaeological science, if adapted and optimized for the different purposes.   
APCI ionization coupled with single-quadrupole mass detection is frequently proposed in 
the literature because it is cheaper if compared with other mass spectrometer selector, widely 
available in the analytical laboratories, and offers very satisfying results for the most common 
needs. For instance, a lot of methods based on the identification of  specific TAG as biomarkers 
were recently proposed in order to face the problem of olive oil adulteration  with other less 
esteemed oils.
43,44
 Methods based on the evaluation of the ratio of the positional isomers was also 
suggested in the field of the identification of animal fats frauds.
45
  
ESI ionization coupled with tandem mass spectrometry has instead become the technique of 
choice for the analysis of multi-component mixtures of lipids from biological samples due to its 
exceptional sensitivity and capacity for high throughput. A decade of dedicated research has been 
accomplished by a number of groups showing the potential of ESI-MS of lipids as a direct method 
to evaluate alterations in the cellular lipome.
46,47
 
The use of ESI thanks to the improvements in the tandem mass spectrometry keep to gain 
popularity in the recent years. In fact, the major shortcoming in APCI-MS is the lack of substantial 
abundances of protonated molecules, when highly saturated TAGs are analyzed, and the subsequent 
impossibility to gain directly molecular weight information. Because in various lipodimic 
application can be a serious limitation, this open a new era for ESI-MS-MS. Firstly, various authors 
studied
48
 the formation of stable molecular ion adduct under different conditions.
49, 50 
The analysis 
of oxidized species resulted particularly improved by the application of this technique.
51 
Despite this abundance of examples in different and strategic research fields, the use of soft 
ionization techniques to identify lipids  in archaeological remains is relatively less documented. For 
the best of our knowledge very few are the articles related with this topic of research. 
These studies are mainly focused of TAG profiling of the residues. The identification are 
based on the assumption that the remaining TAGs still represent the original and unchanged 
components, despite degradation processes affecting the residue during burial such as the enzymatic 
hydrolysis. For instance,  Kimpe and co-workers
52
 identified the use of olive oil as fuel in antique  
lamps found in the archaeological site of Sagalassos, by the high relative level of triolein (OOO) 
found in the organic remains. The same authors demonstrated that ruminant fat were cooked in 
some late-Roman pots by comparing the TAG profiles found in the residues with the TAG profiles 
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of fresh animal fats used as reference materials.
53
 Similarly, Craig and co-workers presented a 
dataset for the study of food residues adsorbed into archaeological ceramics from the Early Iron 
Age, using modern foods (fresh and cooked) as a baseline.
54
 The performance of HPLC-APCI-MS 
analysis of TAG to trace the origin of animal found  in archaeological potsherds was evaluated also 
by Romanus and co-workers, who compared the results obtained with this techniques with the 
results obtained with GC-FID and GC–C–IRMS and found similar results, especially in identifying 
ruminant adipose fat.  
Application of ESI-MS were also reported. In particular Garnier et al.
55
 used InfraRed 
Multiphoton Dissociation (IRMPD) after ESI ionization to obtain MS/MS spectra of TAGs and  
identify bovine/ovine fats in a collection  of lamps found in Ukraine and dated between the 5th 
century BC to 4th century AD.  Very simple spectra were obtained which allow the detection of the 
unsaturated and saturated TAGs, without the need of an in source fragmentation. In particular 
MS/MS spectra were related to each acylating fatty acid moiety which generates three groups of 
ions (i) the first group was represented by [M + Li - RnCH2CO2H]
+
 ions and results from the loss of 
one fatty acid group; (ii) the second group was related to the successive loss of two carboxylic acid 
moieties, and (iii) the last group reflected the nature of each fatty acid moiety as [RCH2CO2H + Li]
+
 
ions. The analysis of fragmentation pathways  revealed that lithiated TAGs can lose their two outer 
fatty acid substituent’s (sn-1and sn-3). This process was minor if compared to the fragmentation 
involving the outer substituent and its adjacent sn-2 moiety. 
  The same authors investigated in another paper molecular criteria for the discrimination of 
adipose and dairy fats products from different sources by NanoESI MS/MS, which were identified 
in archaeological pottery.
56 
 Also in this case, the spectra could be described by the losses of the 
fatty acid moieties, [M + Li - RCOOH]
+
 and [M + Li - RCOOLi]
+
 and by the formation of the 
corresponding acylium ions RCO
+
 from a parent TAG. In this way was possible identify all the 
fatty acids linked to the glycerol backbone. For each TAG an overview of its composition was 
given, however  spectra was very complex due to the initial complexity of the TAG mixture. 
Indeed, for a given molecular peak of lithiated TAGs, corresponding to a given CN and number of 
double bonds, several fatty acids may be lost depending on the initial complexity of  TAG isomers. 
Hence, for each group of TAGs defined by the same CN and number of unsaturation, the relative 
intensity of the peak corresponding to the loss of a specific fatty acid was also detailed in order to 
gain more information about the isomer structures. Thanks to this information, differences between 
cow milk and adipose fats were noticed. Comparison of milks from different species resulted very 
difficult instead. 
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In summary, thanks to the achievement of these studies, guidelines for the identification of 
the original lipid material in a residue are available. By  analyzing TAGs with HPLC-APCI-MS  1) 
Plant products can generally be characterized by high levels of highly unsaturated linoleic- and 
linolenic bearing TAGs [31]. High levels of triolein (OOO) are generally presumed to be related 
with the use of olive oil, whereas the presence of trilinolein (LLL) indicates the use of other 
vegetable oils. 2) Myristoyl-dipalmitoyil glycerol and palmitoyl-distearoyl glycerol (PSS) are 
markers that generally indicate animal products, while arachidoyl-palmitoyl-stearoyl glycerol (APS) 
is a specific biomarker for the presence of pork fat, especially in conjunction with the absence of 
tristearine (SSS), myristoyl-palmitoyl-stearoyl glycerol (MPS) and myristoyl-palmitoyl-oleoyl 
glycerol (MPO), which are normally related with other animal fat sources. 3) SSS is detected in all 
ruminant adipose fats, especially in ovine fat at high relative concentrations; while it is present in 
only very small quantities in the TAG profiles of non-ruminant adipose fat and is absent in lard 
(pork fat) and poultry fat [28, 30]. Ruminant fats also show a palmitic (16:0) to stearic (18:0) acid 
ratio in the 2-position of ca. 60:40 whereas, in non ruminants is closer to 95:5. margaroyl-distearoyl 
glycerol (MaSS), when detected, could also be used as biomarker of ruminant species. 4) Dairy 
products are characterized by the presence of TAG in a larger distribution ( from C24 to C52) 
constituted of short chain fatty acids ( C6 – C20). By the comparison of the fatty acid composition of 
each series of TAGs with the same CN is also possible discriminate the original species 
Moreover this information can be crossed with information provided by other analytical 
techniques. For instance the identification of an animal fat is supported by the presence of amounts 
of saturated fatty acids  and by the recognition of cholesterol in the non-saponifiable fraction.
57
 In 
addition, Evershed marked several differences between ruminant and non ruminant animals. He 
noticed that in pig fats only one isomer of C18:1 was present, differently in sheep and cattle fat 
various isomers were identified.  Ruminant were also discriminated by their high level of 
uncommon odd carbon number and branched fatty acids. Moreover, it was a proven that δ 13C 
values of fatty acids provide the means to distinguish between porcine and ruminant adipose fat 
because of differences in their metabolism and physiologies.   Dairy fats were recognized by HT-
GC due to the presence of  40-53 acyl chain carbon atoms.
58
 Also carbon isotopes analysis were 
employed, because C18:0 fatty acid in dairy fat is significantly more depleted in 
13
C than the 
corresponding compound in carcass fat. Detection of β-sitosterol  with GC-MS was widespread 
used  for recognition of vegetable oil, in conjunction with stigmastanol and large quantities of long-
chain alcohols. A few plant oils contain characteristic fatty acids that can be still found after ageing 
or burial and used for identification, such as ricinoleic acid for castor oil, and gondoic and erucic 
acids for the oils obtained from the seeds of Brassicacae (Brassica spp.).
59,60
 Marine oils were 
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identified thanks to presence of high levels of unusual unsaturated carboxylic acid which are not 
recovered in plant, oils and animal fat.
61
 Beeswax was in general identified by the distribution of n-
alkanes ranging from 23-33 carbon atoms in length, and the presence of long chain palmitic acid 
esters.
58
 
 
1.5 Aim of the work     
 
Determining the nature and origin of lipids found in archaeological organic residues is a 
difficult challenge. In fact, lipid compositions reflect a range of complex transformations and have 
often undergone a complex series of alteration processes. Nevertheless, the research of biomarkers 
by different chromatographic techniques coupled with MS, such a GC-MS, HTGC–MS,  and also 
carbon isotopic analyses of individual fatty acid via GC–C-IRMS, opened up the possibility to 
hypothesize origin and processes in a wide range of cases as it have been already reported in the 
literature. 
    The application of soft ionization techniques (APCI and ESI) in the study of lipid residues, 
is very recent. Some authors have already provided evidences that this technique can be effective to 
elucidate the structure of TAGs preserved over archaeological timescales.
62
 
 When TAGs are retrieved in sufficient amounts from archaeological residues, optimized 
analytical protocols are capable to maximize the ion yields and to enable their detection. Criteria 
were also established to recognize the original fats and oils, but this area of research must be 
considered new and continuous efforts are needed to enlarge the body of knowledge. 
Starting from this basis, the main goal of the work presented here was to evaluate and compare 
the performance of different mass spectrometry approaches (in particular GC-MS, APCI-MS and 
ESI-MS-QToF) in the complex archaeometric problem of recognizing the origin of organic residues 
through the evaluation of their lipid profiles.  
More specifically, the idea was to test the effectiveness in recognizing the materials forming 
residues at different timescale, by applying the same analytical protocol onto different 
archaeological samples and aged reference materials. Thus, lipid fractions of organic residues found 
in real archaeological and historical pottery were analyzed. Their compositions were compared with 
the compositions found in fresh and aged reference lipid materials.  Also “reformulated samples” 
were prepared in laboratory following the recipes reported in historical bibliographic sources and 
used as references. 
The analytical protocol was set up for the identification of triacylglycerols (TAGs). To 
differentiate the lipid materials on the basis of the TAG profiles, pattern recognition  by means of 
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principal components analysis (PCA) were applied. Through this evaluation it was also possible the 
identification of biomarkers. 
The work was organized on the basis of the following  points: 
 optimization of the analytical procedure for the recognition of lipid materials in 
archaeological samples (extraction of lipids, chromatographic separation, mass spectrometry 
detection). Comparison of the results provided by different ionization techniques (EI, APCI, 
ESI) and mass detector (single quadrupole, time of flight); 
 preparation of a dataset of reference materials (analysis on TAG standards, natural oils and 
fats, test samples formulated on the basis of ancient bibliographic information); 
 evaluation of the effects of blending and aging on the profiles (application of different 
artificial aging procedures); 
 multivariate statistical evaluation on the dataset of the lipid materials with the aim to 
recognize groups of like objects (principal component analysis (PCA) and clusters analysis); 
 study of  historical and archaeological samples. Comparative evaluation of the performances 
provided by different analytical techniques. 
 
The analytical protocol and the optimization of the chromatographic method is described in 
chapter 2. In particular,  three different instruments (an HPLC-ESI-MS-QToF Agilent 8086, a 
HPLC-MS Shimadzu 2010, and a GC-MS Agilent 5973) were used and calibrated with TAG 
standard mixtures.  
In chapter 3, it is described the elaboration of a reference material dataset obtained by analyzing 
different raw natural lipid materials. The reference materials were chosen accordingly to 
bibliographic source by considering the vegetal  (cultivated/ imported) and the animals species used 
in the same regions of provenance of the archaeological samples. TAG compositions were analyzed 
for the identification of the distinctive feature of each material. Differences among the ionization 
techniques employed  in recognizing the lipid profiles for the same materials were highlighted.   
In chapter 4 we described the development of a new derivatization procedure aimed to face the 
common limitations encountered by profiling fatty acids with GC-MS. 
In chapter 5 results of the analysis of historical ointments dating back to the seventeen century 
and conserved in the ancient apothecary of the “Aboca Museum” (Sansepolcro, Arezzo, Italy) are 
reported.  All these samples refer to an important historical period in which monastic pharmacology 
was changing from the “herbalism” to the application of a scientific and experimental approach, so 
their characterisation provided a precious contribution to the reconstruction of ancient 
pharmaceutical practices. Moreover, thanks to the presence of latin labels on the correspondent 
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containers, which indicated the names of known recipes transmitted by the monastic tradition, it 
was possible to establish which were the lipid materials originally employed for the formulation. 
Thus, analyzing these residues represented an extraordinary exercise to prove the reliability of the 
analytical protocol on a prolonged aging experiments, which provided also important indication for 
reconstructing the pathways of degradation of lipid materials during ages.  
In chapter 6 and 7 the analytical protocol was therefore applied on important archaeological 
findings, with the aim to provide information for reconstructing the costumes and use of  past 
human society such as like Egyptians and Etruscan. In particular we analyzed organic residues 
found in funerary equipments having the well known shape of khol containers, unearthed during the 
Schiapparelli excavations in the city of Assiut (Middle Egypt Kingdom). We also analyzed rests of 
a beehives found in the ancient city of Forcello (500 A.C) which might represent one of the first 
archaeological evidence of the beekeeping practice in Italy.   
Finally, in order to find new criteria to describe the similarities between the reference materials 
and the archaeological residues, multivariate statistical analysis were applied on the entire dataset 
collected during this Ph.D. work (chapter 8).   
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2.  Experimental 
 
2.1 Materials and solvents 
 
All reagents and solvents were analytical grade and purchased from Sigma Aldrich. Solvents 
for HPLC were CHROMASOLV® LC-MS from Sigma–Aldrich.  
A standard mixture solution was prepared in iso-propanol, containing four standard 
triacylglycerides (purity > 99%, Sigma–Aldrich, USA): trimyristine (5.6 µ g/g of MMM), 
tripalmitine (6.6 µg/g of PPP), triolein (6.0 µg/g of OOO) and tristearin (5.4 µg/g of SSS). A 
solution containing 1-3dipalmitoley-2-oleyl glycerol (POP 6.0 µ g/g) and 1-palmitoley-2oleyl-3-
linoleyl glycerol ( POL, 6.0 µg/g) were also used to perform structural studies by tandem mass 
spectrometry.  Natural material used as reference were purchased from local producers (see chapter 
3). The details of the historical and archaeological samples are given in the specific chapters (4,6,7) 
 
2.2 Lipids extraction procedure 
 
The amorphous organic residues and the reference materials were extracted accordingly to 
already reported procedures for the extraction of lipids from archaeological findings.
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 Fresh reference materials (300-600 mg)  and archaeological organic residues (1-10mg) were 
homogenized in a mixture of  dichloromethane/methanol 1:1, v/v (3-20 mL) and placed in 
ultrasonic bath for 40 min. Then the mixture was filtered on 0.45 µm PTFE filter (Grace Davison 
Discovery Sciences) , dried under nitrogen stream, suspended in hexane (2-8 mL) and washed three 
times in a separator funnel with a water/ethanol 1:2 (1-3 mL) solution. The final residue was then 
dried over MgSO4, filtered again and evaporated to dryness. Prior to the liquid chromatographic 
separation 2-5 mg of the samples were diluted in the starting eluting mixture (IsOH 10% and MeOH 
90%), filtered with 0.22 µm PTFE filters and diluted to reach the final concentration of 0.5-10 
µg/mL. 
 
2.3 APCI and ESI-MS infusion apparatus and experimental conditions 
 
Analysis were carried out using a Shimadzu 2010A system. The instrument was set to the 
positive ionization mode. The operating conditions were: nitrogen flow=2.5 ml/min; detector 
voltage=1.5 kV; interface voltage=4.5 kV; CDL temperature=250 °C; interface temperature=400 
°C; block heater temperature = 200 °C. Mass acquisition was obtained in full scan from 300 to 1000 
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amu with a scan speed of 50 amu/s. Shimadzu Infusion kit was used for infusion analysis. The 
infusion flow was 10µl/min. 
 
 
Figure 2.3.1. HPLC-APCI/ESI-MS SHIMADZU 2010A apparatus  
 
2.4 HPLC-APCI-MS apparatus and experimental conditions 
 
HPLC-APCI-MS analysis were carried out using a Shimadzu 2010A system equipped with a 
Rheodyne 7725 injector. The column was an Ascentis C18 (15 cm× 4.6 mm×5 μm, Supelco, 
Bellefonte, USA).  Mass acquisition was obtained in full scan from 300 to 1000 amu with a scan 
speed of 50 amu/s. The MS system was an Octapole mass filter with an APCI source. The 
instrument was set to the positive ionization mode. The operating conditions were: nitrogen 
flow=2.5 ml/min; detector voltage=1.5 kV; interface voltage=4.5 kV; CDL temperature=250 °C; 
interface temperature=400 °C; block heater temperature=200 °C. 
TAG standard mixtures, with concentrations of 10
−4
 wt. % were used to optimize separation 
conditions and APCI-MS detection parameters.  Several solvents were tested  including propionitrile, 
methanol, isopropanol hexane and acetonitrile (Table 3.2.1).  
 
2.5 HPLC-ESI-MS-QTOF apparatus and experimental conditions 
 
HPLC-ESI-Q/ToF analyses were carried out using an 1200 Infinity HPLC coupled to a Jet 
Stream ESI interface with a Quadrupole-Time of Flight tandem mass spectrometer 6530 Infinity Q-
TOF (Agilent Technologies, USA).  
The ESI operating conditions were: drying gas (N2, purity >98%): 350 
◦
C and 10 L/min; 
capillary voltage 4.5 kV; nebulizer gas 35 psig; sheath gas (N2, purity >98%): 375 
◦
C and 11 L/min. 
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High resolution MS and MS/MS spectra were acquired in positive mode in the range 100–
1700 m/z. The fragmentor was kept at 200 V, nozzle voltage 1000 V, skimmer 65 V, octapole RF 
750 V, and the collision energy for the MS/MS experiments was set at 50 V. The collision gas was 
nitrogen (purity 99.999%). The data were collected by auto MS/MS acquisition with a MS scan rate 
of 1.03 spectra/s and MS/MS scan rate of 1.05 spectra/s; only one precursor was acquired per cycle 
(relative threshold 0.010%), active exclusion after 3 spectra and 0.50 min (selection by abundance 
only). The mass axis was calibrated using the Agilent tuning mix HP0321 (Agilent Technologies) in 
acetonitrile and was also corrected on line by a comparison with the m/z 121,050873 and 
922,009798 from a reference solution in acetonitrile/water of purine and HP0921 reference solution 
(Agilent Technologies). 
Mass spectra of  [M+Na]
+
 ions of TAG were collected from 750 to 1450 amu. The tandem 
mass spectra generated by using auto MS-MS selection algorithm  from  [M+Na]
+
 adduct were 
analyzed from 200 to 750 amu.  
 
 
Figure 2.5.1 HPLC-ESI-MS-QTOF apparatus Agilen 8086 
 
2.6 Chromatographic separation with core shell stationary phases 
 
The separation of TAGs was improved by using a Poroshell 120 EC-C18 column (3.0 mm 
×50 mm, 2.7 µm), produced by Agilent ( Agilent, USA) and characterized by a recently non-porous 
core particles stationary phase. The advantages of this stationary phase is the dramatic improvement 
in the number of theoretical plates which do not cause a problematic increase in the column 
backpressure.  
The high efficiency of the non-porous core column for small molecules is due to the 
combination of a reduced longitudinal diffusion parameter and Eddy diffusion coefficient of the 
Van Deemter equation. The trans-particle mass transfer resistance coefficient for these 
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chromatography columns for compounds of molecular weight below 1000 Da is in fact considered 
small or negligible.  
For routine analysis also a Zorbax eclipse plus C-18 (4.6 mm × 12.5 mm, 5 µm particle size) 
was used as guard column. The injection volume was 2 µL. Three different flow rates (0.2 mL/min, 
0.3 mL/min and 0.6 mL/min) and  temperatures ( 25 
◦
C and 45 
◦
C). were tested. The best separation 
was achieved by using a gradient of methanol (eluent A) and iso-propanol (eluent B). The elution 
gradient was programmed as follows: 90% A for 5 min, followed by a linear gradient to 90% B in 
25 min, then held for 5 min. Re-equilibration time for each analysis was 10-15 min.  
By operating at 0.6 mL/min and 30
◦
 C, the maximum backpressure was 263 bar and the 
resolution were comparable with those obtained at 0.3 mL/min (Table 4 ). Higher temperatures 
were not used, accordingly to the unique chromatographic resolution trend of triacylglycerols in 
isopropanol. 
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Table 2.6.1. Resolution results obtained by different chromatographic conditions in the analysis of TAG 
standard mixture (0.3 µg/g) 
Flow rate Temperature Backpressure 
at B=10% 
Analysis 
Time 
Backpressure at 
B=90% 
 OOO/PPP 
resolution  
POP/POL  
resolution 
0.2 ml/min 25 18 bar 32 min 78 bar 1.3 1.0 
0.3 ml/min 35 24 bar 25 min 98 bar 1.6 1.3 
0.6 ml/min 30 89 bar 14 min 263 bar 1.4 1.2 
0.8 ml/min 
a
 25 50 bar 48 min 240 bar 1.0 0.9 
 
 
2.7 Method validation 
 
The method validation was performed at 0.3 mL/min flow rate by  using a standard solution 
containing MMM, PPP, OOO and SSS. Selectivity, precision, calibration curves coefficients, 
linearity, limit of detection, limit of quantitation and extraction procedure recovery were calculated. 
To evaluate the precision of the chromatographic method, intra-day and inter-day precision on a 
standard containing 0.30 µg/g of each standard were calculated. The intra-day RSD% on the 
retention times of the triglycerides is lower than 0.01% and the intra-day RSD% on the peak area 
was lower than 0.25%. The inter-day precision RSD% on the retention times of the standards is 
lower than 0.31% and the inter-day precision RSD% on the peak area is lower than 0.04%. 
In LC-ESI-MS all the standards glycerides were observed as sodiated adducts ([M+Na]
+ 
see 
chapter 3 for the details).  As expected, the elution order followed the equivalent carbon number 
(ECN, [19]) in the range of 9-13 min. Monooleyn and dioleyn resulted well separated and eluted in 
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the first 5 minutes. A good separation between TAGs and their hydrolysis products is also 
particularly important because, differently from fresh material, the latter represent the main fraction 
in archaeological lipid residues due to aging process.  
The theoretical plates numbers (N) at the chromatographic conditions applied were 
calculated using MassHunter® Qualitative Analysis Software (B.04.00), according to the United 
States Pharmacopeia (USP), with the tangent method. Data are reported in Table 1, together with 
the values of signal to noise ratio. 
 
Table 2.7.1. Retention times (RT), theoretical plates number (N), signal to noise ratio (S/N) calculated for the TAGs 
standard solution (0.3 µg/g ) at 0.6 mL/min. 
TAG FORMULA CN ECN [M+Na]
+
 RT K PLATES S/N 
MMM C45H86O6 C42:0 42 745.64 8.6 9.7 5669 231 
POL C55H100O6 C52:3 46 879.75 11.5 18.2 12633 62 
PPP C51H98O6 C48:0 48 829.74 12.0 14.0 13410 63 
POP C53H100O6 C50:1 48 832.75 12.2 14.2 14234 100 
OOO C57H104O6 C54:3 48 907.77 12.4 19.3 14234 38 
SSS C57H104O6 C54:0 54 913.81 14.6 17.3 22173 66 
Monoolein C21H40O4 C18:1 16 379.28 1.0 0.9 751 329 
Dioleyn C39H72O5 C36:2 32 643.52 1.5 2 1754 254 
   
 
The calibration curves parameters, reported in Table 3, were calculated analyzing standard 
solutions containing MMM, PPP, OOO and SSS at five different concentration levels for each 
triglyceride: 0.10 µg/g, 0.30 µg/g, 0.60 µg/g, 1.20 µg/g and 2.40 µg/g. The areas were plotted 
versus the concentration performing a least squares adjustment and obtaining r2 coefficients for all 
the standards in the range 0.9992–0.9995, showing a good linearity. Comparing the four calibration 
curves, it can be noted that the ESI ionization source results more sensitive to triglycerides 
containing double bonds. Limits of detection and quantification for all the standard triglycerides 
were calculated and are reported in Table 3. The limits of detection were in the range 0.03–0.04 
µg/g, and the limits of quantification were in the range 0.08–0.13 µg/g 
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Table 2.7.2. Calibration curves parameters, coefficients of determination (r2), limits of detection and limits of 
quantification for all analyzed standards obtained at five different concentration levels for each triglyceride: 0.10 µg/g, 
0.30 µg/g, 0.60 µg/g, 1.20 µg/g , 2.00 µ/g 
 
TAG’s Slope Intercept r2 LOQ (µg/g) LOD (µg/g) 
MMM 8.1*10
7
 - 5.7*10
6
 0.9993 0.11 0.03 
POP 7.2*10
7
 4.4*10
6
 0.9994 0.09 0.03 
POL 1.1*10
8
 -5.2*10
6
 0.9992 0.08 0.02 
PPP 6.1*10
7
 2.9*10
6
 0.9992 0.09 0.03 
OOO 2.2*10
8
 1.5*10
7
 0.9995 0.07 0.02 
SSS 6.4 * 10
7
 - 6.4 * 10
6
 0.9992 0.13 0.05 
 
The recovery of the triglyceride extraction procedure was tested on a standard solution at 
three levels of concentration of MMM, PPP, OOO and SSS (0.30 µg/g, 0.60 µg/g and 1.20 µg/g). 
The method recovery was in the range of 98–103% for all the triglycerides 
2.8  Data analysis 
 
MassHunter® Workstation Software (B.04.00) was used to carry out mass spectrometer 
control, data acquisition, and data analysis. TAG were researched as [M + Na]
+
 ions by the “Find by 
Formula” algorithms provided by the software. Formula matching was set up under 10 ppm 
tolerance with a limit extraction range of 1.5 min and an area filter of 500 counts. Formula having 
an isotopic pattern score less than 25% were discarded. The relative abundances of the identified 
TAGs were calculated on the integrated peak areas under the [M + Na]
+
 extracted ions and 
normalized to 100% as reported in the literature.
19 
As formula source we used a database comprising of more than 500 molecular formula of 
TAGs (see supporting information) generated from the possible combinations of carbon numbers 
and  double bonds in the acylic chains, which were obtained by using the following formula 
Cn:m = Cn+3 H (n+3)*2-m  O6  n = from 20 to 70 m= from 0 to 9 
 
in which n is the number of carbon chain atom and m is the number of unsaturations in the 
acylic chain. Accordingly to the definition proposed by  Plattner et all 
65
 the relative ECN number 
for each molecular formula can be calculated by the following expression 
ECN = n-m 
 
This dataset was then compared and integrated with already reported TAGs databases 
available online.
66
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3.  Comparison of different mass spectrometry approaches for the 
recognition of lipids in archaeological organic residues 
 
 
3.1 Introduction 
 
The initial part of the work was aimed to the implementation  of a “in house”  database of 
reference materials. This database was developed by analyzing TAG compositions in vegetal 
species and animals present in Mediterranean regions since ancient times and cited in ancient 
bibliographic source as ingredient for the formulation of drugs, ointments and cosmetics.  
Identification of the currently available materials used in antiquity were obtained  thanks to the 
work of experts of translation and interpretation. 
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Adipose fats were sampled from subcutaneous tissues and/or solid fatty tissue enveloping 
kidneys of freshly slaughtered animals. Vegetable oils were provided by local producer which 
employed simple method of production (cold pressing).  The details and origins of each material are 
reported in Table 1 
 
TABLE 3.1.1 Studied modern reference material details and origins 
Biological source Taxonomy Origin 
Lamb, subcutaneous adipose tissue Ovis aries Ripamonti S.N.C,  (Triuggio, 
Italy) 
Ox subcutaneous adipose tissue Bos taurus Ripamonti S.N.C,  (Triuggio, 
Italy) 
Pig subcutaneous adipose tissue Sus scrofa Local Market, Florence 
Pig, white solid fat arrounding kidneys  Sus scrofa Local Market, Florence 
Rabbit Oryctolagus cuniculus Ripamonti S.N.C,  (Triuggio, 
Italy) 
Duck subcutaneous adipose tissue Anas platyrhynchos Ripamonti S.N.C,  (Triuggio, 
Italy) 
Guinea fowl Agelastes meleagrides Ripamonti S.N.C,  (Triuggio, 
Italy) 
Vegetal oil 
Almond sweet oil, cold-pressed Prunis amygdalus Marco Viti Farmaceutici S.p.A 
(Como, Italy) 
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Argan oil, cold-pressed, traditional handicraft Argania spinosa Marco Viti Farmaceutici S.p.A 
(Como, Italy) 
Castor oil, cold-pressed Ricinus communis Maimeri  s.r.l  (Venice, Italy) 
Linseed filtered clarified oil, cold-pressed Linum usitatissimum Zeta Farmaceutici S.p.A 
(Vicenza, Italy), 
Nut oil, cold-pressed Juglans regia Marco Viti Farmaceutici S.p.A 
(Como, Italy) 
Olive oil, cold-pressed Olea europaea Azienda Agricola San 
Gimignanese (San Gimignano, 
Italy) 
Palm oil, cold-pressed Elaeis guinensis Yadco Foods (Ghana) 
Poppy seed oil, cold-pressed Papaver somniferum Apeldoorn (Holland) 
Safflower oil, cold-pressed Carthamus tinctorius Marco Viti Farmaceutici S.p.A 
(Como, Italy) 
Sunflower Helianthus annuus  Local Market, Milan (Italy) 
Tung oil Aleurites Montana Aichstetten (Germany) 
Dairy products 
Cow milk Bos taurus Local Market, Milan (Italy) 
Cow, raw milk cheese Bos taurus Local Market (Cagliari, Italy) 
Ewe, raw milk cheese Ovis aries Local Market (Cagliari, Italy) 
Goat, raw milk cheese Capra hircus Local Market (Cagliari, Italy) 
Camel, milk Camelus dromedarius Local Arabic Market (Milan , 
Italy) 
 
Analysis of these materials were performed after an extraction procedure based on a 
variation of  the classical Folch method,
68
  and by using different mass spectrometric approaches: 
direct infusion analysis by ESI-MS, flow injection in APCI-MS, liquid chromatography separation 
and APCI-MS detection, liquid chromatographic separation and ESI-MS-QTOF detection, GC-EI-
MS after transmethylation (see the Experimental section). Methods were previously optimized by 
analyzing standard TAGs mixtures. This work allow also a comparison of the different 
performances of these different ionization/detection systems in the challenge of reconstructing lipid 
profiles in ancient samples. 
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3.2 Analysis of TAG standards by LC-APCI-MS and LC-ESI-MS-QTOF 
 
In order to set up the best acquisition conditions for the analysis of lipids in archaeological 
and reference materials, standard TAG mixtures were eluted with different chromatographic 
arrangements and solvents mixtures (see Table 3.2.1). The solvents tested were hexane (Hex), 
acetonitrile (ACN), methanol (MeOH), isopropanol (IPA), proprionitrile (CN). Two different 
columns were used: an Ascentis C18 (15 cm× 4.6 mm×5 μm, Supelco, Bellefonte, USA) indicated 
in Table 3.2.1 as column A,  and an Agilent Poroshell 120 EC-C18 column (3.0 mm × 50 mm, 2.7 
µm) indicated as column B. 
 
Table 3.2.1 Chromatographic mixtures tested for TAGs detection 
Column Chromatographic conditions Advantages  Drawbacks 
A MeOH/ ACN ; Isocratic elution 0.6 
mL/min 
High sensibility in TAG 
detection  
Low chromatographic resolution 
A MeOH/ IPA , 30ºC,  gradient elution  
0.8 mL/min 
Good chromatographic 
resolution   
Low sensibility in TAG 
detection 
A 
MeOH/ IPA , 18ºC , gradient elution 0.6 
mL/min 
Very good chromatographic 
resolution  
Very long elution time (90 min) 
high solvent consumption, high 
pump pressure  
A 
CN / DCM  isocratic elution 
Good chromatographic 
resolution  
Toxic and corrosive solvent 
B 
MeOH/ IPA , 45ºC , gradient elution , 
0.3ml/min 
Enahnced chromatographic 
resolution 
Low sensibility in TAG 
detection in respect to other 
solvents 
B MeOH/ IPA , 30ºC , gradient elution  
0.6 mL/min 
Very short analysis time 
The resolution is lower than at 
0.3 mL/min 
 
Results showed that sensitivity was maximized by using MeOH/IPA mixtures, while the best 
chromatographic resolution was obtained by a gradient elution with MeOH and ACN. Due to the low 
concentrations of TAGs in archaeological samples, we decided to optimize the sensitivity in the 
detection, rather than the resolution of the chromatographic peaks.  
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An improvement of the performances of the C18 columns in the chromatographic separation 
of TAGs with IPA was obtained at 20 °C. This was due to the particular chromatographic resolution 
trend of TAGs in isopropanol,
64 
which show better results at the lower temperatures despite the 
enhancement of the back pressure. Thus, the elution were optimized by setting  a linear gradient 
program from 10-20% IPA  to afford 70-85% IPA . 
Under these conditions the APCI mass spectrum of TAGs typically showed protonated 
molecular ions [M + H]
+
 and diacylglycerol (DAG) ions [M-RCO2]
+
, which were present in 
different relative abundances. In particular, the amount of DAG vs. TAG ions formed appeared to 
be affected by the degree of unsaturation. In fact, totally saturated TAGs such as tripalmitin showed 
very low intensity signal corresponding to the protonated molecular ion and very abundant signals 
corresponding to DAG
+
 fragments  (Figure 3.2.1). Monoacylglycerolic (MAG) fragments carrying 
the entire glycerolic backbone were also observed. 
 
 
 
Figure 3.2.1: APCI mass spectra of tripalmitin acquired by using  300-1000 m/z  scan range with its relative structural 
elucidation. The protonated molecular ion, [M+H]
+
 has m/z = 807.7 and the relative  signal is very sharp.  Fragments 
corresponding to the loss of free fatty acids from the glycerolyc backbone, diacylglycerolic fragment (m/z 551.5)  and  
to a monoacylglycerolic fragment (m/z= 313.3 m/z ) are instead abundant. 
  
 
Higher intensity for the [M+H]
+
 ion was observed in trilinolein, which is a polyunsaturated 
TAG  (Figure 3.2.2). Also in this case the [DAG]
+
 fragment was the most abundant.  In Table 3.2.2 
are reported the elution times and the observed m/z ions relative to each TAG, observed during the 
analysis of the reference materials.  Some TAGs having the same ECN ( number of carbon atom- 2 
*number of double bond totally) co-eluted and were treated as a they were the same TAG.  
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Figure 3.2.2: APCI-MS spectra of triolein and trilinolein. The protonated molecular ion [M + H]
+
 have m/z= 
885.8 and  m/z = 879.7. The signal is most abundant in trilinolein which is the more unsaturated TAG.  Fragments 
correspond to the loss of a free fatty acid [M + H
+
 - RCOOH]
+ 
 have m/z = 603.6 and 599.5. Signal relative to 
monoacylglycerolic fragments are also recognizable (RCOO + 58 ). 
   
 
Table 3.2.2 Observed m/z ion species by HPLC-APCI-MS on  reference lipid materials.  
ECN TAG name [M+1]+ DAG12 DAG23 DAG13 
42 LLL 879.74 599.54   
44 OLL  575.54 601.55 573.54 
44 LnOP 855.73 573.54 577.54 599.54 
44 PoOL 857.81 575.54 601.55 573.54 
44 MPL 803.73 523.53 575.54 547.54 
44 LLP+OLnO 855.74 575.54 599.55  
46 MPO  523.54 577.54 549.54 
46 PPL  575.54 551.54  
46 PoOO 857.81 575.54 604.55  
46 OLO 883.82 603.54 601.55  
46 PoPO 831.73 549.53 576.53 577.54 
 46 POL 857.81 577.54 601.55 575.54 
48 OOO  603.54   
48 POO  603.54 577.54  
48 POP  577.54 551.54  
48 PSL 859.82 579.54 604.31 575.54 
48 MPS 807.81 523.54 580.54 551.54 
48 PPP     
50 OOS  603.55 606.54  
50 POS 861.81 579.54 605.54 577.54 
50 OLA 913.83 601.54 631.54 633.57 
50 PPS 835.81 551.54 579.5  
52 OOA 
 
 
603.54 633.57 
52 OSS+AOP 605.61 633.55 608.55 577.54 
52 PSS 863.82 607.61 579.54  
54 SSS  607.54   
54 APS 891.91 579.63 635.55 607.55 
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Table 3.2.3 Nomenclature and mass of the fatty acid moieties in the TAGs 
Abbreviation Common Name  Formula Chain lenght and unsaturations Exact Mass 
10 Capric  C10H20O2 10:0 172.14 
12 Lauric  C12H24O2 12:0 200.17 
M Myristic  C14H28O2 14:0 228.20 
15 Pentadecanoic  C15H30O2 15:0 242.22 
P Palmitic  C16H32O2 16:0 256.23 
Po Palmitoleic  C16H30O2 16:1 254.22 
17 Margaric C17H34O2 17:0 270.25 
17’ Heptadecenoi  C17H32O2 17:1 268.23 
S Stearic C18H36O2 18:0 284.27 
O Oleic C18H34O2 18:1 282.25 
L Linoleic C18H32O2 18:2 280.24 
Ln  Linolenic C18H30O2 18:3 278.22 
19 Nonadecanoic C19H38O2 19:0 298.28 
A  Arachidic C20H32O2 20:0 312.30 
20’ Eicosenoic acid C20H38O2 20:1 310.28 
20’’ Eicosatrienoic acid C20H34O2 20:2 306.25 
21 Heneicosanoic acid C21H42O2 21:0 326.31 
Ri Ricinoleic C18H34O2 18:1-OH 298.25 
 
 
The TAG standards were also analyzed by the ESI-MS infusion apparatus. In this case very 
intense molecular ion adduct with sodium and potassium were observed. Also diacylglicerolic 
derivatives were easily recognized (Figure 3.3.4).  
 
 
Figure 3.2.3. ESI-MS infusion spectra of the TAG standard tripalmitin 
 
TAG standards analysis in  LC-ESI-MS-QTOF showed that, under the employed conditions, 
sodium adducts ([M+Na]
+ 
were prevalently formed. Potassium adducts ([M+K]
+
) and protonated 
([M+H]
+
) adducts were also observed, but with very small relative intensities. No formation of any 
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[DAG]
+
 or [MAG]
+
 fragments was observed, even for TAGs which are known to product a little or 
no molecular ion in APCI.  
This particular feature of ESI ionization enabled us to directly obtain information on the 
molecular weight of the TAGs detected (as sodiate adducts) and to easily integrate  the peaks area 
(under the [M+Na]
+
 extract ions). 
 The additional structural information regarding the different fatty acyl chains linked to the 
glycerol backbones were achieved thanks to the use of tandem mass spectrometry.  Fragmentations 
were studied by the application of different collision energies ( 20-70 V range). Accordingly to the 
observations already reported  literature, the tandem mass spectra mainly showed ions formed by 
the elimination of one or two adjacent fatty acid residues.
69
  
More specifically, each acylating fatty acid moiety generated three groups of daughter ions.  
The first group was relative to the loss of one fatty acid  [M + Na – RCOOH]+.  In addition, each of 
this daughter ions presented the correspondent loss of sodium  [M + Na - RCOONa]
+
.   
 
 
Figure 3.2.4  Tandem mass spectra of triolein. The molecular ion [M + Na] and its relative DAG fragments [M + Na – 
RCOOH]+.  In addition, each of this daughter ions presented the correspondent loss of sodium  [M + Na+ - 
RCOONa]+.   
 
 
The second group was constituted of [MAG]
+
  fragments formed by the successive loss of 
two fatty acids ([M + Na - 2RCOOH]
+
) from the sodiate molecular ion. Actually, the relative signal 
appeared very low and frequently confused with noise. No signals relative to [MAG]
+
  fragments 
made of a single acyl chain linked to the entire  glycerol backbone were observed. 
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Table 3.2.4  Calculated m/z values of  the common acyl chain fragment ions (Abbreviation P palmitc acid, Ln linolenic 
acid, L linoleic acid, O oleic acid, S stearic acid) 
 
 [RCO]
+
 [RCO – H2O]+ [RCOO + 58]+ [RCOO + 58 – 
H20]
+
 
P 239.24 221.23 313.27 295.26 
Ln 261.22 243.21 335.26 317.25 
L 263.24 245.23 337.27 319.26 
O 265.25 247.23 339.29 321.28 
S 267.27 249.26 341.31 323.30 
 
The last group of fragments, observed during the analysis of the TAG standards, was 
represented by sodiate free fatty acids ([RCOOH+Na]
+) and its derivatives (ketenes and α-β 
unsaturated-decarboxylated fatty acids)  
 
 
 
Figure 3.2.5: Particular of triolein (18:1) and trilinolein (18:2) daughter ions: sodiate free fatty acids at  m/z= 
305.23 and 303.23  [RCOOH + Na
+ 
]  , [RCO]
+
 at m/z 265.25 and 263.23 and [RCO – H2O]
+ 
 at m/z 247.24 and 245.22 
Other literature reported RCOO adducts were no observed  
 
 
In ABB and ABC type TAGs the corresponding fragmentation patterns were affected by the 
location of the fatty acyl chains in the glycerol backbone, accordingly to the observation that the 
loss from the sn-2 position is energetically disfavoured.
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For instance, the full mass spectrum of the standard TAG 1-3 dipalmytoil-2oleyl-glycerol 
(POP) obtained with a 50 V collision energy showed the ion at 551.50 m/z ([PP]
+
) resulting from 
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the sn-2 loss ([M - R2COOH]
+
) of oleic acid, which is less abundant than the ions at 577.53 m/z 
([OP]+)  due to the sn-1( [M - ]
+
) and sn-3 losses of palmitic acid ([M - R3COOH]
+
).   
Each of these signals showed also the corresponding sodiate adduct: [M + Na-R2COOH]
+
 at 
573.48 m/z;  [M +Na - R1COOH]
+
 and [M + Na - R3COOH]
+
 at 599.50m/z.  
 
 
Figure 3.2.6. High-resolution mass spectrum of POP obtained with a collision energy of 50 V. The zoomed mass spectrum (m/z 
550–6210) shows the DAGs ions deriving from the  fragmentation of the triacylglycerol. 
 
 
The observed  [OP]
+
 /[PP]
+
  ratio was a little higher than the statistically 2:1 predicted value. 
This result is in disagreement with the value reported in the literature (see Table 8). Differently, the 
ratio for the corresponding  [OP]
+
/[PP]
+
 sodiate adducts was lower than 2:1 and closer to the 
literature reported values.  
These differences between  the DAG fragments ratio ([M - R1COOH]
+ 
+ [M - R3COOH]
+ 
/[M - R2COOH]
+
) and the corresponding DAG sodiate adduct fragments ratio ([M + Na -
R1COOH]
+ 
+[M + Na - R3COOH]
+ 
/[M +Na - R2COOH]
+
) might be strictly related on the different 
stability of  the [M + Na - RCOOH]
+ 
saturated fragments versus [M + Na - RCOOH]
+
 unsaturated 
fragments.   
 
Table 3.2.5  DAG fragment ions relative abundances observed  for POP with different experimental conditions  
 [PP]
+
 [OP]
+
 Reference 
APCI-MS  29.3 100 [28] 
APCI-MS  20.1 100 [35] 
APCI-MS  22.2 100 [23] 
ESI-MS  23.3 100 [12] 
ESI-MS-QTOF [M-RCOOH]
+
  fragments only 57.0 100 Present work 
ESI-MS-QTOF [M + Na -RCOOH]
+
 fragments  30.9 100 Present work 
 
Differently from APCI-MS, ESI-MS-QToF didn’t show MAGs fragments. Acyl chain 
fragments ([RCO]
+  
from oleic (265.25 m/z ) and palmitic (239.28 m/z) acids  and the corresponding  
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[RCO-H2O]
+ 
derivatives were observed instead. In this case the palmitic fragments  were more 
abundant than the oleic fragments, but the ratio was lower than the statistically predicted 2:1 even 
though the “P” acyl chains are both in a energetically favoured outer position. Hence, in this case 
the stability of the fragment ion itself must be the factor determining the relative abundance of the 
fragments produced.  
 
 
Figure 3.2.7. High-resolution mass spectrum of POP particular of the MAG fragments,  RCO  is observed at 265.25 m/z 
and 221 is  [RCO-H2O]+  ; 226.96 is an ubiquitous 
 
 
Table 3.2.6   Calculated m/z values of  the monoglycerolic fragments  derived from the POP (Abbreviation P palmitc 
acid, O oleic acid, ) 
 M + Na+ 
- 
R1COOH   
M + Na+ 
- 
R2COOH  
M + Na+ 
- 
R3COOH 
M+Na+- 
R1COOH – 
R2CH=CHCOOH 
M+Na+ - 
R3COOH – 
R2CH=CHCOOH 
M + Na+ - 
R2COOH – 
R3CH=C=O 
M + Na+ - 
R1COOH – 
R3CH=C=O 
M + Na+ - 
RCOOH – 
RCOOCH2-
CH=CH2 
OPP 551.53 577.54 577.54 319.32 345.33 351.33 325.33 277.44 
POP 577.54 551.53 577.54 319.32 319.32 325.33 325.33 303.33 
 
 
The presence of two signal relative to the same  DAG fragment ( [M + Na – RCOOH]+ and 
[M + Na – RCOONa]+ ) could represent a complexity in these spectra. However, by decreasing the 
collision energy the formation of  the [M + Na – RCOOH]+  fragment was still observed and the 
successive fragmentations mechanism were no active.  Hence we decided to operate with a collision 
energy capable to provide two DAG daughter ions for each TAG and the formation of ulterior 
diagnostic fragments in order to have a wide indication on the structure of the TAG.  
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Figure 3.2.8.  Mass spectra obtained from tripalmitin (PPP) obtained by applying different collision energies. The 
fragments obtained from the sodiate molecular ion adduct  [M+Na]
+ 
(m/z  829.72 ) were doubled (sodiate and non 
sodiate fragments). The two signals were observed also under a very low collision Energy (30V). By increasing the 
collision Energy at 50V the ratio between the two signals was shifted , and MAG fragments were observed.  Higher 
energy cause an extensive fragmentation 
 
In ABC type TAGs the signals corresponding to the DAG fragments were six, three DAG 
sodiate adducts [M + Na – RCOOH]+  with the corresponding non sodiate counterpart [M + Na – 
RCOONa]
+
. Also in this case  sn-1 and sn-3 losses were energetically more favoured than the loss 
in the sn-2 position and thus the corresponding DAG ions were more abundant in the MS/MS 
spectra. For instance, the mass spectrum of LOP showed the ion at 575.51 m/z ([LP]
+
), resulting 
from the sn-2 loss of oleic acid, as  less abundant than the ions at 577.52 m/z ([OP]
+
) and 601.52 
m/z ([LO]
+
). Moreover, if we sum the contributes of the proton and sodiated adducts, the relative 
abundances of [OP]
+
 + [OP+Na]
+
 and [LO]
+
 + [LO+Na]
+
 are higher than the abundance of [LP]
+ 
+ 
[LP+Na]
+
. 
 
 
Figure 3.2.9 High-resolution mass spectrum of LOP obtained with a collision energy of 50 V. The zoomed mass 
spectrum (m/z 568–628) shows the DAGs fraction deriving from the triglyceride fragmentation 
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In summary, the spectra obtained from the standards by applying the two different ionization 
techniques showed remarkable differences. APCI-MS give simpler spectra mainly based on 
protonated molecular ions and their DAG derivatives directly formed during the ionization process. 
This cause some problems in performing integration of the signals, because this behaviour yields a 
different response trough the mass spectrometer system for each TAG. In general only unsaturated 
TAGs show consistent relative intensity for the molecular ions. Thus, for performing integration 
both the signal of the molecular ions and the signal of the DAG fragments must be summed 
together. 
Differently, in ESI-MS the sodiate adduct of the molecular ion was always the base peak 
and no fragments were observed. This is the reason why in this case tandem mass spectrometry was 
strictly necessary for structural identification.  Moreover,  a very good chromatographic separation 
was needed to avoid that isobaric parent ions, generated from different TAGs, were submitted 
simultaneously to the collision chamber. Otherwise, the presence of a sole signal for each TAG 
simplified the operation needed for integration. Due to the different slopes of the calibration curves 
observed, response factor for each TAG must be still calculated. Such as like in the case of APCI-
MS, the different responses were related  to the number of unsaturations  and to the  acylic chain 
lengths (see chapter 2). 
 
 
3.3  Profiling of natural materials by APCI and ESI infusion coupled to mass spectrometry 
 
 As described in the introduction of this chapter, various natural materials were analyzed in 
order to be used as references for archaeological materials. ESI-MS infusion analysis showed 
similar narrow distribution of masses in vegetable oils corresponding to TAGs from ECN 50 to 
ECN 54. Patterns appeared very close and separated by 26–28 amu. This similarities were due to  
the constitutive fatty acids in oils which were the same in most oils, such as like the predominance 
of oleic acid. However,  singular pattern features enables  the discrimination and authentication of 
each oil. For example, the olive oil spectrum (Fig. 3.3.1) was characterized by ECN 52 and ECN 
54. In details the major peaks were 54:3 and 52:2 which can be identified as OOO and OOP (see 
Table 3.2.2 for nomenclature and abbreviation details).  
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Figure 3.3.1  A) ESI-MS infusion spectra of olive Oil. The major signals are relative to 54:3 OOO and  52:2 
B) ESI-MS infusion spectra of tung oil. The major signals are relative to 54:9 (LnLnLn), 54:8 (LLnLn), 54:4 (OOL) 
and 54:2 (OOS) 52:6 
 
In some cases the predominance of very specific fatty acids as constituents of the relative 
TAGs in the oil gives very distinct mass patterns which allow a precise recognition, such as like for 
lauric acid in laurel oil, palmitic acid in palm oil and ricinoleic acid in castor oil (3.3.4). Dairy 
products (Fig. 3.3.3), which appeared rich in fatty acids that were also detected in vegetable oil such 
as palmitic, oleic, and stearic, showed very specific short-chain fatty acids in fewer amounts such as 
capric acid. This diversity induces a large distribution of TAGs from ECN24 toECN54 which is 
easily recognizable by infusion MS analysis. In particular, TAG 36:0 and 34:0 appeared as 
predominant in cow raw-milk cheeses (figure 3.3.4).   
 
 
Figure 3.3.3 A) ESI-MS infusion spectra of castor Oil B) ESI-MS infusion spectra of raw cow milk chees. 
Signals are relative to short chain fatty acids (C32:0, C34:0, C36:0) 
 
The mass profile of animal fats (Fig. 3.3.5) displaced a broad mass range corresponding to 
TAGs with ECN from 46 to 54. The TAG 52:2  was the most abundant and might be used as 
distinctive feature of this class. Also the presence of odd-number TAGs which are markers of 
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ruminant species, because synthesized by bacteria present only in the rumen, is an important marker 
for the recognition of animal fats.
71
 In fact, porcine or duck fats are exempt of such compounds and 
consequently presents also a narrower distribution of masses. 
 
.  
Figure 3.3.5  ESI-MS infusion spectra of beef tallow. The main TAGs are 52:2 , 50:2  and  b)  ESI-MS infusion spectra 
of poultry fat. The main TAGs are 52:2 , 50:2  and the spectra showed a narrower distribution in respect to beef tallow 
 
Except the discrimination of poultry and porcine against bovine and ovine fats, no further 
distinction can be suggested by the use of only MS data and more complete MS/MS analysis and 
comparisons has to be performed to obtain pertinent information.  
Overall, it can be pointed out that,  ESI-MS infusion analysis provide very detailed spectra 
without in source fragmentation, allowing the identification of various unsaturated and saturated 
TAGs by a direct evaluation of their molecular masses. Differently APCI-MS infusion give  
predominantly signals relative to the DAG fragments. Hence the relative patterns resulted 
oversimplified in respect to those obtained by ESI-MS infusion and the distinction of the original 
material results more difficult.  
For instance the patterns of porcine and ovine fats, which in ESI-MS infusion appeared very 
different, in APCI-MS showed the same main [DAG]
+
 ions (figure 3.3.7). The distinction between 
some vegetable oils was still achievable, thanks to their consistent differences in the constituents 
fatty acids composition, such as in the case of palm, castor and olive oil (figure 3.3.8 and 3.3.9). 
Thus, infusion APCI-MS can be used as fast method for the recognition of material by mass pattern 
comparison. 
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Figure 3.3.7 APCI-MS infusion spectra of porcine fat and lamb. The main signals correspond to the [PP]
+
, [PO]
+
, 
[PS]+, [OO]+  
 
 
 
Figure 3.3.8 APCI-MS infusion spectra of olive oil and palm oil. The main signals correspond to the OO and PO, DAG 
for olive oil and OO, PO and almond oil 
 
 
 
 
 
 
 
 
 
 
Figure 3.3.9 APCI-MS infusion spectra of palm oil an castor oil. It can be noticed the distinctive pattern of this oil. The 
main signals in palm oil correspond to  OO, PO, PL and PP.  In castor oil the [M+ H- H2O]+ ion and the and also the 
[OO] and [OO-OH] fragments have large relative intensities 
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3.4  HPLC-APCI-MS  analysis of reference natural materials  
 
 HPLC-APCI-MS analysis of the reference material showed the co-elution of several TAGs . 
Nevertheless, and in accordance with the literature,
17
  identification of  each singular TAGs was  
possible thanks to the identification of the parent ions mass [M + H]
+
 and its corresponding DAGs 
daughter ion in the extracted ion chromatograms.  
TAGs covered in general ca 82–95% of the total ionic current observed in these 
chromatograms. Other minor peaks corresponded to DAGs and unidentified compounds.  
To represent the TAG distributions, we used histograms based  on the relative abundances 
of each TAG. The relative abundances were calculated from the peak areas obtained by extracted 
ion chromatograms of suitable [DAG]
+
 and [M+H]
+
 peaks , on the basis of the following formula 
 
Relative abundance = (An/Atot)*100 
 
In which An is the area of the selected TAG and Atot is the sum of the area of all selected TAGs. 
Calculation in the different materials were performed by using the same list of  TAG which was 
previously selected and identified by their retention time and main m/z signals (see table 3.2.2) 
  By comparing the TAG distribution of the reference lipid materials (Fig. 3.4.1), it was 
possible to notice some differences very useful for diagnostic purposes. Triolein appeared as the 
most abundant peak in olive oil. It was also the largest peak in other  vegetable oils, but they can 
easily be differentiated from olive oil due to the presence of significant amount of other TAGs 
which were negligible in olive oil. For instance trilinolein is highly abundant in almond oil and 
sunflower but it is lacking in olive oil. Also in palm oil, the relative intensity of OOO is low with 
respect to dioleoyl-palmitoyl glycerol (POO) and POP. In addition,  a substantial amount of PPP 
was detected, which is negligible in the other oils. Pork suet seemed to be characterized by high 
levels of POO, palmitoyl-oleoyl-stearoyl glycerol (POS) and PSS. It also showed APS which some 
authors indicate as biomarker for pig lard.   
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Figure 3.4.1 HPLC-APCI-MS chromatogram relative to palm oil. Main recognized TAG are indicated 
 
Figura 3.4.2.  Histograms representig the relative abundance of the main TAGs detected by HPLC-APCI-MS in the 
reference natural materials 
 
 
3.5  HPLC-ESI-MS-QTOF  analysis of reference natural materials  
 
Reference natural materials  were then analyzed by a HPLC-ESI-MS-QToF instrument (see 
chapter 2). Thanks to the particularly high performances in terms of chromatographic resolution 
obtained by the coreshell stationary phase at 0.6 mL/min flow rate,  we were able to identify a large 
number of TAGs in a very short time and by using a traditional HPLC pump. 
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 Extract ions chromatograms of the reference natural materials showed that up to 60 TAGs 
were identified in each sample analyzed, with a relative abundance higher than 1%  (see Appendix 
II). For instance, we have been able to identify in fresh almond oil  more than 80 TAGs, whereas by 
using a classic column the number was less than 25 (Table 3.5.1), highlighting the capital 
importance of having high quality chromatographic resolutions for the identification of TAGs. 
 
 
Figure 3.5.1  Superimposed chromatograms obtained from the analysis of  almond sweet oil with Agilent Poroshell 120 
EC-C18 column (3.0 mm × 50 mm,2.7 µm) 
 
 
 
Table 3.5.1. TAGs identified in almond oil and in the adipose fat extracted from rabbit  by using different 
chromatographic conditions 
Analysis Number of 
indentified
TAGs 
Number of 
TAGs  
>1%
b
 
TAG 
discarded
c
 
RT of OOO 
(min) 
RT of the 
first and 
last TAG 
(min) 
Resolution 
OOO - 
LLL 
Resolution 
OOO-PPO 
Rabbit, 0.6 
ml/min 
86 14 13 12.66 9.86 - 
14.16 
3.04 0.86 
Rabbit, 0.3 
ml/min 
78 18 12 20.52 14.62 - 
22.91 
3.67 0.95 
Almond, 0.6 
ml/min 
83 11 5 12.61 10.292 - 
13.287 
3.13 0.84 
Almond, 0.3 
ml/min 
128 11 17 20.45 15.28 - 
20.93 
3.63 0.95 
Almond, 0.8 
ml/min 
a 
24 10 6 35.50 28.12 - 
45.12 
2.61 0.42 
a
Ascentis C18 15 cm× 4.6 mm×5 μm, Supelco, Bellefonte, USA 
b
 TAGs having a relative abundance lower than 1%
 
c  
TAGs having an isotopic pattern match lower than 25% 
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The possibility to identify a large number of TAGs on the basis of the retention time (which 
is determined by acyl chain lengths and the number of unsaturation) and the exact mass (molecular 
formula) allows a very accurate distinction between materials of different origin. Moreover, when 
TAGs having the same molecular formula eluted at the same  time, additional structural criteria can 
be adopted, such as the distinction of isobaric TAGs by the identification of their constituting fatty 
acid moieties,
72
 or the distinction of positional isomer by studying the DAGs fragments ratios.
73
 
Because the sensitivity for unsaturated TAGs is one order of magnitude higher than the 
sensitivity for saturated TAGs (see chapter 2) it is important pay particular attention in the 
comparison of the results. In fact, APCI-MS gives in general quite similar response factors for 
saturated and unsaturated TAGs.
74,75 
This difference is mainly caused by  the fact that ESI-MS does not produce DAG fragments 
while, under APCI-MS conditions, DAG fragments are formed, therefore the integration procedure 
involve both molecular ion [M + H]
+ 
 and DAG fragments.  Moreover, TAG/DAG fragments ratio 
in APCI is affected by the presence of unsaturations in the acyl chain whereas in ESI the behaviour 
is quite similar for all the investigated TAGs.  
 Hence, the results obtained with the two ionization techniques on the same reference 
sample can appear quite different.  In fact, in ESI-MS polyunsaturated TAGs are in general over 
represented (due to the better ionization) while in APCI-MS they often under responded (due to the 
different fragmentation and related procedure of signals integration ).  
In the context of the detection of TAG in archaeological residues, the fact that the ESI 
source gives different ionization yields for unsaturated and saturated TAGs might represent an 
advantage, because in this type of samples saturated TAGs are often present at higher concentration 
levels than the polyunsaturated TAGs due to the aging process. 
By comparing the TAG profiles of the reference materials it was noticed that also with this 
instrumentation vegetable oils showed similar compositions, mainly characterized by  high levels of 
mono and polyunsaturated TAGs (see sunflower oil figure 3.5.2).   
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Figure 3.5.2  TAGs identified in sunflower by HPLC-ESI-MS-QToF  
 
 
Animal fats showed the predominance of saturated TAGs and a broader distribution of the 
observed masses in respect to the distributions observed in vegetable oils. Ruminant fats where 
characterized by the presence of odd TAGs, which are related to the particular degradation 
pathways caused by the microbial activity in the rumen (see the example of lamb, figure 3.5.4), 
whereas in poultry and porcine this  odd TAGs were not observed (see the example in figure 3.5.5). 
As already highlighted, some saturated TAGs which showed very intense chromatographic peaks in 
HPLC-APCI-MS, were less abundant in HPLC-ESI-MS-QToF 
 
 
 
 
 
Figure 3.5.4  Identification of the main TAG in lamb by HPLC-ESI-MS-QToF 
 
 
TAG Molecular 
formula 
Relative 
abudance 
C54:5 C57H100O6 27.8 
C54:6 C57H98O6 22.7 
C54:4 C57H102O6 16.8 
C54:3 C57H104O6 9.2 
C52:4 C55H98O6 8.8 
C52:3 C55H100O6 6.1 
C52:2 C55H102O6 2.8 
C54:2 C57H106O6 1.4 
C50:2 C53H98O6 0.8 
TAG Formula Area % 
C52:2 C55H102O6 26.5 
C50:2 C53H98O6 10.1 
C50:1 C53H100O6 9.8 
C54:3 C57H104O6 8.2 
C54:2 C57H106O6 7.3 
C52:1 C55H104O6 7.2 
C48:2 C51H94O6 4.0 
C50:3 C53H96O6 2.2 
C53:2 C56H104O6 2.2 
C48 C51H98O6 2.1 
C54:1 C57H108O6 1.8 
C46:1 C49H92O6 1.4 
C46 C49H94O6 1.2 
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Figure 3.5.5 Identification of the main TAG in the adipose fats of duck  by HPLC-ESI-MS-QToF 
 
 
All the data regarding reference materials and the corresponding TAG distributions were 
therefore organized in a data matrix. In order to allow a easy comparison with the TAG 
distributions found in the archaeological residues (described in the following chapters),  the original 
natural classification of the sample was used as initial criterion for organizing the records. In 
chapter 8 is described how the entire dataset comprising of TAG distributions of references and 
archaeological materials was submitted to multivariate statistical analysis with the aim of 
highlighting the resilient characteristic information and finding new criteria for the identification of 
the origin of the archaeological materials. 
 
3.6  Identification of the TAG isomers for the recognition of the original material  
 
The possibility of performing tandem mass spectrometry experiments was also exploited in 
order to gain more information as possible insight into the structure of TAGs. This is the particular 
advantage of the ESI-MS-QToF technique. In fact, having available an abundant intact adduct of 
the molecular ion, along with a rich fragmentation is ideal to allow both molecular weight 
identification and structural information, which are the base for the accurate distinction between 
materials. 
Because of the presence of sodium adducts, the fragmentations obtained were charge-
remote. The notations used for indicating the different fragments were derived from Hsu and 
Turk,
76
 who firstly described the fragmentation obtained for lithium adducts of TAGs by ESI 
TAG 
Molecular 
formula 
Relative 
abundance 
% 
C52:2 C55H102O6 14.1 
C52:1 C55H104O6 10.5 
C54:2 C57H106O6 9.2 
C50:1 C53H100O6 9.1 
C48:1 C51H96O6 4.5 
C50:2 C53H98O6 4.2 
C54:3 C57H104O6 2.9 
C46:1 C49H92O6 2.2 
C54:1 C57H108O6 1.9 
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MS/MS. Because the mass spectrometer and the adducts used for these experiments were different, 
in particular gentler fragmentation energies were applied, the secondary fragmentations observed 
were quite different from those reported in the literature.   
As described in the previous section, the tandem spectra obtained from the parent TAGs 
standards mainly showed the losses of the fatty acid moieties, [M + Na - RCOOH]
+
 and [M + Na - 
RCOONa]
+
 and the formation of the corresponding acylium ions [RCO]
+
.  Therefore, an overview 
of the structure of unknownTAGs is possible thanks to the identification of  the signals relative to 
the fatty acids linked to the glycerol backbone.  
In particular, for a given molecular peak submitted to the fragmentation, which corresponds 
to a specific sodiated TAG, and is determined by a given chain length and number of double bonds, 
one can note that several fatty acids may be lost, depending on the possible TAG isomers presents 
in the sample. For instance the TAG 54:2 with molecular formula C57H106O6 and ECN number 50, 
can be related to three possible isomers: OOS, PLA and SLS. 
 
 
Figure 3.5.6  Identification of the OOS TAG in duck fat by HPLC-ESI-MS-QToF. The signal at m/z 603.53 and m/z 
605.54  are relative to the [OO]
+
 and [OS]
+
 fragments. Their corresponding sodiate adducts [DAG + 23]
+
 are also 
recognizable. 
 
 
In duck fats,  we observed the fragment at 603.53 indicating the presence of  [OO]
+
 (or 
[SL]
+
)  and the fragment at m/z 605.54  relative to the  [OS]
+
 ion. The lack of fragments at 575.4 
[PL]
+
, 631.5 [LA]
+
 and 607.5 [SS]
+
 and/or [PA]
+
 indicates the absence of PLA and SLS isomers. In 
theory, the same result can be achieved by recognizing the [MAG]
+
 fragments, but because they 
showed very low signals the identification based on the DAG fragments was preferred. 
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Figure 3.5.7  Identification of OOS in duck fat by HPLC-ESI-MS-QToF. The signals at m/z  265.24 and 267.25 
corresponds to  [RCO]
+
 fragments obtained from oleic and stearic acid respectively. 
  
 Also the TAG having a  molecular formula C57H102O6 could have two possible isomer: OLO 
and LLS (with the relative positional isomers). In almond oil the tandem mass spectra clearly 
showed that OLO was the principal isomer. In fact [OL]
+
 (m/z= 601.52)  and [OO]
+
 (m/z = 603.53) 
were the principal fragments observed. LLS were present in trace instead. In fact the signals relative 
to  [LL]
+
 (m/z 599.35) and [LS]
+
 (m/z = 607.53) were very low. 
 
 
Figure 3.5.8  Identification of  OOS in almond oil by HPLC-ESI-MS-QToF. The signals at m/z 601.52  and m/z 603.53 
are relative to the [OL]
+
 and [OO]
+
 fragments. Corresponding sodiate adducts [DAG +23]
+
 are also recognizable. 
 
Differently, in rabbit adipose fats LLS was very abundant (Figure 3.5.9).  
 
 
Figure 3.5.9  Identification of LLS in rabbit fats by HPLC-ESI-MS-QToF. [LL]
+
 is observed at m/z 599.35 and [LS]
+
 at 
m/z = 607.53. 
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3.7  Positional isomers identification in the reference materials 
 
Thanks to the possibility of determining positional isomer compositions offered by tandem 
mass spectrometry, structural criteria can be used in addition to the compositional criteria for the 
distinction of the materials. For instance, a particular feature of vegetable oil is the absence of 
palmitic acid in the sn-2 position: the TAG having the molecular formula C55H100O6 can display 
two different isomers which are determined by the different positional arrangement of the oleic and 
palmitic acid (positional isomers) in the glycerolic backbone: sn-POP and sn-PPO. However, only 
the sn-POP positional isomer is present in the vegetable oils and this cause the detection of the 
[PP]
+
/[PO]
+
 fragments ratio very close to the value detected in the sn-POP commercial standard. At 
the opposite site we detected in porcine fats a value of the [PP]
+
/[PO]
+
 fragments ratio which was 
very close to the value detected in the sn-PPO. In the other animal fats the values were at 
intermediate levels. Thus, this clearly appear as a distinctive feature for these classes of materials. 
 
Table 3.7.1 [PP]
+
/[PO]
+
 fragments ratio observed in the different natural materials enabling the distinction of 
the sn-POP and sn-PPO isomers 
 
 
 
Sample [PP]
+
 /[PO]
+
 
Olive oil 0.31 
Almond oil 0.32 
Palm oil 0.31 
Castor oil - 
Safflower 0.32 
Rabbit 0.57 
Lamb 0.58 
Pork 0.89 
Ox 0.47 
Duck 0.42 
Cow cheese  0.49 
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3.8 Artificial aging experiments on  reference materials 
 
The recognition of the original material which produced a lipid residues is commonly based 
on the assumption that the remaining TAGs are still the original and unchanged components, 
despite the degradation processes activated during burial. However, it is known that hydrolysis and 
oxidation can have an impact on a determined lipid profile, by changing the relative abundance of 
the unsaturated species which are more easily affected by the degradation.
77
 
 To face this apparently contradiction, it is firstly important to evaluate if degradation 
process are capable to produce new TAGs which were not displayed in the original material. This 
may mainly caused by redox reactions which allow the mutation of one TAG to another, by adding 
or loosing double bonds in the corresponding acyl chains. Another key element is the study of 
degradation products that can be unambiguously linked with a very specific TAG profile. The 
validation of  a biomarker approach must rely on this initial analysis .  
Under this light we performed different aging tests on  different TAG standards, to check if 
redox reactions were capable to induce mutation from one TAG to the other ( for instance in  the 
sequence OOO>OOS>OSS>SSS, Table 3.8.1)   
 
Table 3.8.1.   Ions and relative m/z arising from the dismutation of OOO to SSS  
 OOO OOS OSS SSS 
[M + H]+ 885.8 887.8 889.8 891.8 
DAG1 603.6 603.6 605.6 607.6 
DAG2 - 605.6 607.6 - 
 
 
The first set of experiments was based on a natural aging treatment obtained by submitting 
TAG standards under normal sunlight in a place sheltered from dust for ten months at 30° C. 
Additional artificial aging experiments were carried out by the use of different oxidizing agents 
(Co[Salen], Fenton reagent, ozone in water), enzymatic treatment and controlled UV irradiation in a 
solar box. The complete list of the aging treatments with the corresponding explanation is given in 
table 3.8.2. 
 
Table 3.8.2.   Description of the aging treatments applied on the reference materials 
Aging treatment  Description 
Natural ageing treatment 1 g of sample was left for 6 months in a normally illuminated area in the laboratory, at room 
temperature, protected from dust. 
Thermal treatment 
 
1 g of sample was heated in a forced-air circulation oven at constant temperature of 60 °C 
for 1,000 h 
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Ozone oxidation 100 mg of sample was suspended in 25 ml of water by sonication. Ozone was generated by 
an ozoniser (Ozono Elettronica Internazionale, Milan, Italy) and was bubbled (5 ml/min) in 
the solution for 20 h. At the end of the treatment, the sample was freeze-dried and submitted 
to the extraction procedure. 
Enzymatic treatment 1 g of the sample was poured in 40 ml of deionized water under stirring and 1 ml of a 
solution of 10% cellulase, 10 mg of lipase and 10 mg of laccase was added. This addition 
was repeated four times every 12 h. At the end of the treatment, the neutral fraction was 
recovered by three extractions with 60 ml a heptane/hexane (1:2) mixture. The solution was 
filtered and the solvent removed under reduced pressure. 
Biomimetic oxidation Fenton and Cosalen 
Solar box The apparatus used was the Q-SUN Xe1 Chiller (Q-LAB Corporation, USA) with an 
outdoor filter. The temperature was 40˚C and irradiation of the Xenon lamp was fixed at 
0.68 W m
2
. Treatment time 1000 hours 
 
Analysis on triolein degradation products was carried out by using HPLC-APCI-MS 
Shimadzu 2010A. Different elution conditions from the one described in the experimental part were 
adopted, aiming to the detection of the degradation products. In particular a ACN/IPA mixture was 
used for the gradient elution from 6 minutes at 15% ACN to 25 min at 90%. 
In figure 3.8.1 is reported the chromatogram obtained from triolein before the application of 
the aging treatment. The relative APCI-MS spectrum showed a low signal relative to the protonated 
molecular  ion  [M + H]
+
 and an abundant DAG daughter ion signal [M-RCO2]
+
.  
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8.1.  HPLC-APCI-MS chromatogram and corresponding APCI mass spectra related to the analysis of triolein 
standard previous the aging treatments. 
 
In the chromatogram obtained after the natural aging experiment on triolein several 
oxidation products were observed.  In particular epoxides and hydroperoxides were recognized in 
the initial part of the chromatographic elution. Noteworthy, no peaks relative to the formation of 
new TAG by  a dismutation process where identified. 
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Figura 3.8.2.  HPLC-APCI-MS Cromatogram and corresponding APCI mass spectra related to the analysis of triolein 
standard after the autooxidation aging treatment. 
 
To indicate the different oxidation products we adopted the system proposed by Byrdwell 
and Emken
38
 in which the epoxidation near a double bond is indicated by >0 and the epoxidation on 
the double bond by considering the epoxidation on the corresponding saturated triacylglicerol 
(hydroxilated products were indicated by -OH in the same manner (see table 3.8.3). 
 
Table 3.8.3 Explanation of the abbreviation used to indicate the oxidation producats 
Symbol Meaning 
O Oleic acid (C18:1 double bond located in Δ7) 
S Steraric acid (C18:O) 
O>O Epoxide (epoxidation near the double bond) 
S>O Epoxide (epoxidation on the double bond) 
 
APCI-MS spectra of this oxidation products exhibited very low abundances of protonated 
molecular ions [M + H]
+
. However a lot of fragments, providing important structural information, 
were identified on the basis of  already reported work. 
78,79
  
On the other hand the ESI-MS spectra collected from the same products showed intact 
sodiate molecular ion adducts. This was really useful for the exact molecular weight determination, 
especially in the recognition of hydroperoxides.  As like as already observed for un-oxidized TAGs, 
no fragments were directly formed by the ESI ionization source. Hence structural information was 
gained through the application of tandem mass spectrometry.  
In the APCI-MS chromatogram, OOS>o (Figure 3.8.3) was the largest between the peak 
corresponding of the oxidation products. The relative mass spectra showed very low molecular ion 
adducts ([M + H]
 +
 and [M + H - H2O]
 +
, whereas the diacylglycerolic fragments were very intense 
(see table 3.8.3). 
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Figura 3.8.3  APCI-MS spectra relative to the oxidation product OOS>O  obtained from triolein 
 
Table 3.8.4 Explanation of the APCI-MS spectra relative to the OOS>O   oxidation product    
Observed Mass (m/z) Explanation 
900.8        OOS>O   
902.0 [M + H]
 +
 
883.9 [M + H- H2O]
 +
 
619.5 [OS>O ]
+
 
603.7   [OO]
+
 
477.5 [OS>O-C9H18O ]
+   
= 
 Δ9 
493.4 [OS>O-C9H18O ]
+ 
 = Δ9+O 
 
The other oxidation products identified were the triolein monoepoxides (OOO>O  and diepoxides 
OO>oO>o  . The relative mass spectra are reported in figure 3.8.4 and 3.8.5. 
 
 
Figura 3.8.4  APCI-MS spectra relative to OOO>O   
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Table 3.8.5 Explanation of the APCI-MS spectra relative to the OOS>O   oxidation product   
  
Observed Mass (m/z) Explanation 
898.8       OOO>O   
900 [M + H
+
] 
617.7 [OO>O ]
+
 
603.7   [OO]
+
 
    
 
 
 
Figure 3.8.5  APCI-MS identification of OO>O O>O   
 
Table 3.8.6 observed mass for OO>oO>o  MW: 912.8          
Observed Mass (m/z) Explanation 
913.9 [M + H
+
] 
898.0 [M + H
+
- H2O] 
631.5   [O>oO>O ]
+
 
617.7   [OO>O ]
+
 
603.7   [OO]
+
 
479.5 OO>O -C10H18]
+
 = Δ8 
495.5 [OS>O-C9H18O ]
+ 
 = Δ8+O 
 
OOO-OH was the first peak eluted. As can be seen in figure the signal relative to the [M + 
H] + was very low. Differently in ESI-MS the sodiate adducts were very abundant (Figure 3.8.6) 
and enabled an easy recognition of the oxidized product.  
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Figure 3.8.6 ESI-MS of an trilinolein derived oxidation products 
 
Table 3.8.7 observed mass for LLO>o  MW: 912.6         
Observed Mass (m/z) Explanation 
935.7 [M + Na]
 +
 
637.5 [L>oL + Na ]
+
 
319.4 [L>o + Na]
 +
 
 
Another classes of oxidation products were evidenced only by ESI-MS and were constituted 
of high molecular weight oxidation products which were eluted after the peak of the unchanged 
TAG.  In particular sodiate dimers which eluted after the un-oxidized starting product were 
recognized.  
The main oxidation products observed after auto-oxidation were also detected by applying a 
an oxidation procedure based on the use of the Fenton reagent.  In particular,  monitoring of the 
reaction showed the formation at the first stage of the treatment of primary oxidation products and 
free fatty acids.  
  
 
Figure 3.8.7 Chromatogram of triolein after application of oxidation with the Fenton reagent 
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After five days of treatment new chromatographic peaks relative to the secondary oxidation 
products appeared together with low peaks related to the hydrolysis products of triolein. Differently 
tripalmitin showed to be very resilient to this kind of oxidation and the starting product was the 
main chromatographic peak also after several days of treatments.  
Experiments carried out  in a solar box showed the same degradation products observed with 
the oxidation treatments, but in a more complex distributions. This represent an indication that in 
the solar box more mechanisms were active. Some of them were simultaneous and probably 
competitive. 
 
Figura 3.8.8 APCI-MS chromatogram  relative to the treatment of triolein in solarbox 
  
 
In particular the main peak detected after the treatment of triolein was relative to the 
formation of  the secondary product OOS>O, differently from the result of the application of the 
Fenton reagent in which the main product was OOO-OOH. Another difference was the very 
consistent formation of hydrolysis products, which was not observed by the Fenton oxidation. 
 
 
Figura 3.8.9 APCI-MS spectra relative to the oxidation product OOS>O  obtained from triolein 
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Experiments carried out on saturated TAGs such as tripalmitin showed a less extent 
formation of oxidation, indicating the higher resilience of this TAG to degradation. 
 
Figura 3.8.10  APCI-MS chromatogram  relative to the treatment of tripalmitin in solarbox 
 
Accordingly to the already reported mechanism of oxidation of TAGs,
80
 the attack of 
oxygen caused dehydrogenation on saturated carbon and formation of unsaturation in the molecule. 
Subsequent attacks of oxygen produced hydroperoxides and intermediates which are known to 
contain hydroxyl, carbonyl, and carboxyl groups (not detectable under the LC-MS conditions 
employed). In the case of TAGs containing double bonds, attacks of oxygen were faster in the α 
position by a radical chain mechanism, and may take also place directly at the double bond. In the 
solar box the hydrolysis of the ester linkage between glycerol and the fatty acid were also observed. 
It was found to occur whether the acid was a long chain saturated such as palmitic, a short chain 
saturated such as lauriel, or a long chain unsaturated such as oleic acid. The products formed from 
hydrolysis of TAG were also attacked by oxygen.  It must be pointed out that short chain fragments 
are known to be easily removed along with the volatile condensable products, but in general short 
chain fatty acids are less susceptible to oxygen attack than long chain fatty acids.
81
 
Enzymatic treatment caused firstly the accumulation of MAGs and DAGs, probably because 
the  hydrolysis of TAGs was more rapid than the degradation of related products.  After 10 days, the 
relative proportion of triolein remained constant (57.8 and 57.4%), whereas a decrease in the 
relative proportion of the DAGs was observed while the MAGs and free oleic acid continued to 
increase in relative abundance. The same general trends occurred during the oxic decay of tristearin, 
although the rate of degradation was slower in respect to triolein. Because also a lypooxigenase was 
used for performing this treatment, a concomitant oxidation of the hydrolysis products was 
observed. Differently application of saponification conditions caused the formation of only the 
oxidation products. These was also observed by applying saponification condition together with 
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ozone oxidations, probably because the oxidized product are not still detectable by LC-MS when 
they are also hydrolized.  
Because this preliminary aging experiments carried out with TAG standards seemed to 
prove that the trans-mutation of a certain TAG in another didn’t occur, the use of TAGs as 
biomarkers might be considered a reliable approach. Therefore, in order to evaluate if the effect of 
the difference rates of degradation affecting saturated and unsaturated TAGs  have an impact in the 
TAG distribution of aged material, we submitted  also the reference natural materials (see paragraph 
3.1) to the artificial aging procedures. In this case, the main goal of the experiments was to evaluate 
if the modification caused by aging were capable to compromise the recognition of the original 
material, based on the  TAG distributions comparison approach. 
First of all we noticed that the modifications on the TAGs compositions appeared closely 
related to the type of treatment applied.  
 
Figure 3.8.11 TAGs distibution found in the reference natural material after the application of aging treaments 
 
 Comparing the TAG distribution in olive oil submitted to ozonation or thermal treatment (Fig. 
3.8.11) with the TAG distribution in fresh olive oil, the major modification observed was a decrease 
in the relative intensity of the TAGs bearing unsaturated fatty chains such as oleoyl-dilinoleoyl 
glycerol (OLL), linoleoy-dioleoyl glycerol (OLO), and dilinoleoyl-palmitoyl glycerol (LLP). A 
similar behaviour was also highlighted in the ozonation of porcine fats. However, this lipid material 
appears to be less prone to a variation in the relative TAG distribution probably due to its solid 
state, which guarantees limited contact with ozone in bubbling conditions and less degradation. 
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After the ozone oxidation of the laboratory-reproduced ointments, the variation in the TAG 
distribution compared with the corresponding non-aged ointments was minimal. This may be 
principally due to the presence of other ingredients, some of which are also known to have 
antioxidant properties. Also, in this case, the fact that ozone bubbling treatment is less effective on 
solid-state materials compared with the liquid materials, as the pure reference oils, may have also 
played an important role.  
 The precise identification in the chromatograms of all the oxidation products after the application 
of thermal and natural ageing treatments was not achievable due to the co-elution of these products. 
However the same classes of oxidation products detected in the experiments on single TAG 
standards, such as hydroperoxides and epoxide, were recognized (Fig. 3.8.6). Due their substantially 
greater polarity compared to the corresponding TAGs, these products have shorter retention times 
thus ensuring the absence of interference in the TAG distribution evaluation. In addition they show 
also very low signals, which can be explained again considering their polarity, which cause that 
they are extracted less efficiently during the sample preparation.   In all the chromatograms from the 
ozonation experiments, no TAG degradation compounds were detected, probably due to the fact 
that the scission of cross-ozonides was small or that they were not extracted in the sample 
preparation procedure.  
 With regard to this observation, it has been already reported that the reaction of ozone with plant 
oils occurs almost exclusively with carbon–carbon double bonds in unsaturated fatty chains, leading 
to a decrease in the amount of these components and to the formation of a new classes 
corresponding to ozonide dimmers and trimers which are not detectable by HPLC-MS. In the 
chromatograms of the materials aged by enzymatic treatment and alkaline hydrolysis, there was 
instead a clear increase in the hydrolyzed species, e.g. diacylglycerols and monoglycerols, 
compared with the untreated corresponding material. In addition, an increase was detected in the 
relative intensity of saturated triacylglycerols such as PPP dipalmitoyl-stearyl glycerol (PPS) and 
PSS. This can be explained by the assumption that, due to their different levels of solubility and 
polarity, saturated triglycerides may be hydrolyzed at lower rates than triglycerides bearing shorter 
and unsaturated fatty chains. In fact, even after the alkaline hydrolysis treatment, although the ionic 
current of the TAGs was very low (1–4% of the total ionic current), saturated triglycerides were still 
detectable.  
 To summarize, in accordance with literature
37,38
 HPLC-APCI-MS highlighted, that after artificial 
degradation on the lipid component of the ointments, there was a decrease in the amount of 
unsaturated TAGs. Only in the case of the occurrence of a hydrolytic mechanism (such as in the 
case of the enzymatic or the alkaline hydrolysis treatments),  this was associated with a notable 
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increase in MAGs and DAGs species in the chromatograms. In particular, under the conditions 
adopted by us, no significant formation of new TAGs was highlighted. This may confirm the 
general assumption that the remaining TAGs found in fatty residue “are still the original and 
unchanged components” 27 and TAGs can be used for diagnostic purposes.   
 
 
Figure 3.8.6. HPLC-APCI-MS chromatogram of almond oil after thermal treatment. Relative identification of 
monoepoxides derivatives.   
 
In  this case a controlled temperature oven was used for six months. The aging process was 
carried out at 60˚ C (which correspond to a natural aging of  years).82 Higher temperature were no 
tested because it is known that the auto-oxidation mechanism is significantly different at higher 
temperatures, in which the oxidation is more dependent on oxygen concentration and the oxygen 
solubility decrease. In particular the main difference is the formation of dimers and trimers which is 
partially observed at lower temperatures.
83
 
For instance, the comparison between the TAG profiles of fresh almond oil and aged almond 
oil showed that the aging treatments caused an increase in the relative abundance of the saturated 
TAGs in the range of ± 3% in respect to the untreated sample. Notwithstanding these variation, the 
major part of the TAGs present in the starting material were still detected after the application of the 
aging treatment. 
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Figura 3.8.5  ESI-MS-QToF chromatograms obtained from fresh almond oil and aged almond oil. The same main 
TAGs were identified but the aging treatment changed the relative distribution 
  
 
Table 3.6.3 Differences in the TAG distributions obtained from almond oil before and after the aging treatment.   
TAG % in fresh % in aged  Difference 
C54:3 41.0 41.8 -0.8 
C54:4 12.9 10.9 +2.0 
C54:2 11.3 9.3 +2.0 
C54:6 10.3 7.4  + 2.9 
C52:2 7.8 10.9 -3.1 
C52:3 4,3 4,5 -0.2 
C52:4 4.9 3.9 +1.0 
C50:1 0.9 4.5 -3.6 
C48:0 0.1 0.2 -0.1 
 
Same behavior was observed in the case of animal fats, which are highly abundant in saturated 
TAGs. Also in this case an increase of the relative abundance of the saturated TAGs was observed 
(1-3%) 
  
Figura 3.8.6  ESI-MS-qtof chromatograms obtained from fresh adipose fat of lamb before and after aging treatment. 
The same main TAGs were identified but the aging treatment changed the relative distribution. 
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Table 3.6.3 Differences in the TAG distributions obtained from lamb fats before and after the aging treatment.   
 
 
 
 
 
These variation must be considered  low. In fact we analyzed four different 
varieties of olive oil and we found differences in the distribution of  1.0-3.2% which 
were comparable with the difference observed between the fresh material and the 
aged material. However it must be noticed that the differences related to the natural 
variation on the same species mainly affected the less characteristic and abundant 
TAGs, whereas the variation  caused by aging affected selectively the unsaturated 
TAGs. 
 
Table 3.6.4 Differences in the TAG distributions (%) obtained from different varieties (A, B, C, D) of 
olive oil  
 
TAG A B C D Mean S.D 
C54:3 38.0 36.5 31.2 33.9 34.9 3.0 
C52:2 16.7 16.0 19.0 20.4 18.0 2.0 
C54:4 16.0 15.4 15.2 15.0 15.4 0.4 
C52:3 7.1 6.8 10.9 7.5 8.1 1.9 
C54:2 6.3 6.0 4.4 3.7 5.1 1.2 
C54 :5 3.6 3.5 4.9 3.3 3.8 0.7 
C50:1 1.9 1.9 3.1 1.6 2.1 0.6 
C52:4 1.3 1.3 2.9 2.1 1.9 0.7 
C52:1 1.0 1.0 1.0 2.1 1.3 0.5 
C58:2 1.1 0.0 0.0 0.0 0.2 0.5 
C56:3 1.1 1.0 0.7 0.0 0.7 0.5 
C50:2 0.0 0.8 2.2 1.7 1.1  0.9 
C56:2 0.0 1.0 0.0 0.0 0.2 0.5 
Name % in fresh % in aged difference 
C52:2 15.9 15.1 0.8 
C52:3 14.0 9.5 4.5 
C54:3 10.0 9.4 0.6 
C54:4 9.2 5.7 3.4 
C50:1 7.8 8.8 -1.0 
C50:2 6.2 5.2 1.0 
C52:4 4.9 2.2 2.7 
C54:5 4.9 2.0 2.9 
C54:8 4.9 1.0 3.9 
C52:1 4.5 5.7 -1.2 
2C54 4.4 5.6 -1.2 
C48:1 1.5 1.0 0.5 
C50:3 1.5 0.9 0.6 
C54:6 0.9 4.6 -3.8 
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Overall, plant products resulted preferentially degraded in respect to animal fats probably 
due to the higher un-saturation of their TAGs components. No sample possessed more than 65% of 
all the original identified TAGs, but the retention of some characteristic molecules, especially more 
saturated forms, was observed. Notwithstanding, TAGs remain a diverse dataset, retaining 
important characteristic information. 
In addition to the preserved validity of the distribution criteria, the structural criteria seems 
to be very robust, because the degradation affected the relative concentration of the residual TAGs 
in the sample but not their structural characteristic. For instance the residual sn-POP is a good 
indication of the presence of a vegetable oil even after the application of a severe aging treatment 
 
 
 
Figure 3.6.8 sn-POP in castor oil after the application of the aging treatment 
 
 
 
3.9 Conclusions of the chapter  
 
In summary, the result reported in this chapter indicates that the use of APCI-MS and ESI-
MS-QToF systems provided complementary data in the fascinating challenge of the recognition and 
discrimination of the lipid materials by TAGs profiling. 
In fact, in ESI-QToF the sole formation of  pseudo-molecular ion ([M+Na]
+
) from each 
TAG allowed direct identification by molecular weight and easy quantification calculation based on 
the peak area obtained by extracting these ions. Moreover, ESI-MS provided abundant molecular 
ion adducts also for a lot of intact species which not produce [M + H]
+
 ions under APCI-MS 
conditions, such as in the case of hydroxyl-keto and hydroperoxy TAGs, high molecular weight 
oxidized and non oxidized dimmers. Hence, if compared to APCI-MS, ESI-MS was in general more 
sensitive to the TAG derived oxidation products than to the original TAG itself. 
In addition, the high resolving power of QToF added a particular value to this ionization 
technique due to the fact that the higher mass resolution is directly connected to an higher resolved 
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identification of the TAGs in their sodiate adduct form [M+Na]
+
. Thanks to this feature we have 
been able to use a list containing a very large number of TAG molecular formula for profiling the 
sample by a automatic Mass Research software. The comparison of the relative abundance of the 
TAGs found in the HPLC-ESI-MS-QToF chromatograms of the reference materials showed that 
this is a very powerful tool for the discrimination of the different materials. 
However, the strong differences between saturated and unsaturated TAG response factors 
limit the  explorative capability of this technique on complex lipid mixtures, because saturated TAG 
resulted in general not detected or underestimated. 
Differently, in APCI-MS the simultaneously formation of protonated molecular ions and 
DAG+ fragment ions from the parent TAGs, with the proportion of these being dependent on the 
degree of unsaturation within the TAG, produces well aligned response factors which allow a 
thorough evaluation of the overall TAG profile in the sample. In fact, it can be pointed out that in 
APCI-MS saturated TAGs gave higher sensitivity than in ESI-MS. Saturated TAG had in the fresh 
material analyzed a lower concentration than the unsaturated (especially in plant oils), thus the 
distribution obtained by LC-APCI-MS included saturated TAGs not detected bay LC-ESI-MS. 
At the opposite face of the coin , the formation of fragments during the ionization affect 
negatively the quantification operations. In fact, very complicated integration procedures in which 
TAG and DAG fragment signals must taken in account together were required to obtain reliable 
results. Moreover, due to the lack of formation of protonated ion [M+H]
+
 in the case of saturated 
and oxygen functionalized specie, molecular weight information is not often directly available. This 
imply that mass identification by automated algorithm-based software cannot be used to research 
TAGs in APCI-MS chromatograms. The approach in this case consist in performing the integration 
only for a predetermined list of TAGs (for which elution time, molecular ion and principal 
fragments are already known). Hence, identification and integration became a very  time-spending 
manual operation which can be affected by the choice of the operator.  This imply also that most of 
the advantages of having an high (and expensive) mass resolving power are totally lost.  However, 
the fact that APCI provide diagnostically important fragments during the ionization process, tandem 
mass spectrometry is not strictly needed for a structural evaluation. Therefore the quadrupole filter 
can operate at t higher frequency, sampling more data points for each chromatographic peak.  
In addition to the detection of the TAG distribution of a certain mixture, important structural 
information regarding each TAG can be gained with both the two ionization techniques. In APCI-
MS, the recognition of DAGs and MAGs fragments arisen from the same molecular formula can be 
used to identify the presence of different isomers, which are determined by the different 
connectivity of fatty acids linked to the glycerolic backbone. Also by ESI-MS-QToF, thanks to the 
72 
 
formation of [ M + Na – RCOOH]+ and [ M + Na – RCOONa]+ ions after tandem mass 
spectrometry experiments, it is possible elucidate the TAGs structure.  
The structural information is very important because adds additional criteria, which can be 
used together with the analysis of the TAG distributions, to distinguish the origin of the residues. In 
fact, some TAGs or compositional feature are very specific for certain materials, such as the 
presence of highly unsaturated TAGs (TAG distribution criterion) or the absence of palmitic acid in 
the sn-2 position (structural criterion) in vegetable oils.   
Finally,  aging treatments carried out on the reference material showed that these criteria 
might be considered still valid,  and thus the original fatty material still recognizable, despite the 
degradation effect of time and/or burial environment .  In particular, no complete inter-conversions 
of TAGs by redox reactions were observed. This is particular important because enables the use the 
residual TAGs as biomarkers for the study of archaeological residues. In addition, the structural 
criteria were proved to be very robust. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
73 
 
4. Switchable polarity solvent for a new lipid derivatization procedure  
 
 
4.1 Introduction  
 
Among the available techniques for the mass spectrometry determination of lipid in 
archaeological residue, GC-MS is the oldest and still most employed approach  As already pointed 
out in the introduction, its mayor limitation is the oversimplification of information caused when 
TAGS are disconnected in to their constituents fatty acids. The derivatization process is however 
necessary in order to have low boiling point analytes which can be vaporized for the gas 
chromatographic separation and electron impact ionization. Esterification is the most frequently 
chemical process employed and fatty acids methyl esters (FAME) are chemically the simplest ester 
derivatives that can be  obtained from TAGs. A large number of procedures is available in 
literature. The most common approach is the acid catalyzed methanolysis  (HCl, H2SO4 or BF3) 
which requires heating and the additional use of antioxidizing agents to avoid decomposition of 
polyunsaturated fatty acids.
84,85 
 Basic catalyzed methanolysis  (KOH  or NAOH) is the mildest 
method available, but it is limited to lipids with low acid values because it does not convert free 
fatty acids into methyl esters. Combined and direct procedures were also developed, although 
severe issues such as high reactivity, matrix and water interferences were reported.
86,87  
In particular circumstances, other esters derivatives are preferred:
88
 butyl esters are used for the 
simultaneous analysis of both low- and high-molecular weight fatty acids;
89,90
silyl derivatization is 
implemented when a high thermal and hydrolytic stability is required and, in general, it improves 
the sensitivity and the selectivity of the analyses; 
91
 complex derivatives, such as picolinyl ester and 
4,4-dimethyloxazoline (DMOX) adducts, are employed when structural determination is required.
92
 
The analysis of intact TAGs by soft ionization and liquid chromatographic techniques object of this 
work is a very recent approach.
93,94,95, 96 
In this chapter we describe how these  particular features of amidines can be used for the 
development of a new in situ derivatization procedure, which is designed for application on lipid 
materials before GC analysis, aiming the conversion of TAGs in their fatty acid ester derivatives.  
Amidines and guanidines bases represent a very interesting esterification alternative to the use 
of inorganic catalysts, thanks to their solubility in organic solvents and the resonance stability of 
their conjugated acids.
97
  Their use in the transesterification of TAGs has been previously 
described.
98,99,100,101
  In particular tetramethylguanidine (TMG)  was  already proposed for the 
preparation of FAME from vegetable oils.
102
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As reported by  Jessop and coworkers in 2005,
103
 these bases are capable to form low polarity 
liquid mixtures when mixed with n-alkyl alcohols, which can be used as solvent that “switch” into 
ionic liquid (SPS) upon exposure to CO2. An application of SPS obtained from the commercially 
available cyclic amidine 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU)  as lipids extraction media was 
also proposed , 
104,105
 but  limitations to an  extensively  use were its  high price and reactivity.
106
. 
In particular, adverse transesterification of soy oil was observed by extracting soy flakes with a 
DBU/ethanol solution at 70 ◦C. This problem was instead not observed by using SPS prepared with 
secondary amines as single liquid component, encouraging continuous investigations in this field. 
Hence we propose to endorse the reactivity of the SPS for minimizing the preparative steps 
commonly needed in analytical transesterification procedure. Moreover, the simplification of the 
procedure might have also a positive impact in saving the amount of residue needed for the 
analysis, which is particular important in the archaeometric field, due to the general scarcity of 
residues available for the analysis. 
Therefore TAGs were solubilised/extracted from the oily matrix by the SPS in its low polarity 
form. In addition, by applying mild heating, we performed simultaneously a transterification 
reaction. Then, by the application of a CO2 stream into the mixture, we switched the SPS to its high 
polarity form to induce immiscibility with the apolar fraction. Thus, the obtained n-alkyl esters were 
isolated and directly submitted to the gas chromatographic analysis (Fig 1).  
 
 
Figure 4.1.1 Implementation of a simultaneous derivatization–extraction procedure by using SPS. Organic solvents, oil 
and 1:1 amidine -alkyl alcohol mixtures are miscible while under N2 (A), but immiscible after exposure to CO2 (B).  
Firstly, triacylglycerols (triolein in the example) are dissolved in the SPS (A) and converted into the corresponding n-
alkyl esters by applying mild heating. After exposure to CO2 (B), the SPS is in its ionic form and it is not miscible with 
the organic phase. Therefore n-alkyl-esters can be isolated. 
  
In order to establish if this use of SPS for derivatizing and extracting triacylglycerols from 
archaeological is a reliable procedure, we compared the results obtained with SPS under different 
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reaction conditions, with the results obtained from traditional derivatization methods. Triolein and 
four commercial vegetable oils were used as test samples. 
 
4.2 Description of the SPS procedure   
 
 
Preparation of the internal standard solutions 
 
 An internal standard solution containing octadecane was prepared as follows. Into a 20.0 
mL volumetric flask, 20 mg of octadecane was weighed to the nearest 0.1 mg. The mixture 
dissolved and volume adjusted to 20.0 mL with n-hexane. A tribehenin (22:0 TAG) solution in n-
hexane was also added to some test samples to assess the transesterification performance of the 
methods (samples were accepted when the transesterification performance  was >80.0%  and  
<110%): into a 20.0 mL volumetric flask, 5 mg of 23:0 TAG was weighed to the nearest 0.1 mg. 
The mixture was dissolved and volume adjusted to 20.0 mL with n-hexane. 
 
Recovery of triolein with different SPS mixtures (Table 1). 
 
Triolein was used as model substrate for evaluating the extraction efficiency of different 
DBU-alcohol mixtures. 40 mg were added to a switchable polarity mixture (2.0 mL) obtained by 
mixing  8mmol  of DBU with 8mmol of a n-alkyl alcohol. The mixture was kept under stirring at 
80º C for 2h. Then it was allowed to reach the room temperature and CO2 was bubbled until two 
separated phases were obtained from the initial homogenous solution (30 min). Centrifuging was 
used to achieve a clear separation of the apolar phase from the alkyl carbonate - DBU salt. The top 
phase was collected.  Then 2.0 mL of water and 2.0 mL of the apolar solvent were added, and the 
mixture was vigorously stirred. The supernatant was collected and added to the previous fraction. 
Hence, all the collected organic phases were evaporated at room temperature in a stream of nitrogen 
and the n-alkyl ester was recovered. Yields were calculated as percent amount of pure product 
obtained from the trans-esterification reaction. The extracted n-alkylester derivatives were weighted 
on an analytical balance and their  purity were evaluated  by HPLC-DAD and 
1
H-NMR in relation 
to main compound content, by adding the internal standard (4 points calibration curve). The purity 
percentage ranged between 2-5%. 
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In situ derivatization of triolein by using SPS mixtures (Table 2). 
 
2.5 mg of triolein were put in a 2.0 mL screw-top vial containing 0.8 mmol of DBU and 0.8 
mmol of butanol (c.a. 100 µL of DBU/butanol mixture per 1.0 mg of triolein) The vial was sealed 
and heated for the selected time at the selected temperature in a temperature controlled bath. Then 
0.5 ml of hexane were added and CO2 was bubbled for 15 minutes. After centrifugation ( 2500 rpm) 
a solid deposit was formed within the vial. The top phase appeared clear. It was collected and 
diluted to a final volume of 2.0 mL for later injection into the GC-MS. 
A comparison with a traditional acid catalyzed transesterification method was assessed. In a 
4.0 mL screw-top (PTFE-lined) vial 2.5 mg of triolein were added to an aliquot of BF3 in n-butanol 
solution (10%, w/w). The vial was sealed and heated (85 
◦
C) for 100 min in a temperature 
controlled bath.  After cooling to room temperature hexane (2.5 mL) was added and the mixture 
was rinsed three times with 0.5 mL of purified water. Afterward, the mixture was centrifuged for 2 
min (2500 rpm). The surnatant was filtered through anhydrous MgSO4 in a cotton–wool plugged 
Pasteur-pipette, and concentrated to a volume of approximately 2.0 mL under normal-atmospheric 
conditions for GC-MS analysis. 
 
In situ derivatization of vegetable oils by SPS mixtures  
 
10 mg of vegetable oil were spiked with internal standard and added to a SPS obtained by 
mixing  DBU (1.6mmol) with an equimolecular amount of n-alkyl alcohol in a 4.0 mL screw-top 
(PTFE-lined) vial. The mixture was kept under stirring at 80 ºC for 2h in a temperature controlled 
bath. After cooling to room temperature hexane (1.0 mL) was added and CO2 was bubbled for 15 
minutes. After centrifugation (2500 rpm) a solid deposit was formed within the vial. The upper 
phase (n-hexane) was collected into a GC vial and diluted to a final volume of 2.0 ml for later GC 
and GC-MS analysis. 
Two traditional methods were applied to spiked aliquots of the same test samples analyzed 
by SPS, aiming to compare the results.  
Method B was a variation of the method described by Joseph and Ackman [
107
]:  20 mg of 
oil were weighed in a screw-top vial and 1.0 mL of  a 0.50 mol L-1  solution of NaOH in butanol was 
added. The mixture was heated under reflux for 15 min. Next, 1.0 mL BF3 (14%) in butanol was 
added and the mixture was heated again at 60˚C for 20 min. After cooling to room temperature, 2.5 
mL of hexane and approximately 5.0 mL of saturated solution of sodium chloride were added and 
vigorously stirred. Then the sample was placed in a refrigerator to obtain a better  phase separation. 
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Then the supernatant was transferred  into a GC vial, another 1.0 mL of hexane was added and the 
mixture was stirred again. This upper phase was also collected and added to the previous fraction. 
The sample was concentrated to a final volume of 2.0 mL for later injection into the GC and GC-
MS. 
Method C was based on a classical Folch extraction: 20 mg of oil were stirred in a mixture 
of 6.7 mL of chloroform and 3.3 mL of methanol, under a slight stream of nitrogen, for twenty 
minutes and at room temperature. The solution thus obtained was shaken in a separatory funnel with 
200 mL of demineralized water. The lower phase was collected, dried on anhydrous sodium sulfate, 
filtered through a folded filter paper, and dried under reduced pressure in a rotating evaporator  
(waterbath B480, Buchi Labortechnik AG; Postfach, Switzerland). The extracted material was 
suspended in n-hexane (7.0 ml) and washed three times in a separator funnel with a water/ethanol 
1:2 solution (4.0 ml).  The upper phase was separated, dried and filtered. The residue was dissolved 
and the same BF3 alcoholysis procedure described for the method B was applied before GC and 
GC-MS analysis. 
 
GC and GC-MS analysis 
 
GC and GC-MS analysis were performed accordingly to already reported methods for the 
analysis of fatty acid butyl esters .
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GC analysis were carried out on a Agilent 6850 (Agilent, USA) by using a fused-silica 
capillary column HP1(Agilent, USA), 100% dimethylpolysiloxane, 30 m , 0.25 mm id, 0.25 µm 
film thickness. Helium was used as a carrier gas (1.4 mL/min). Samples were injected by using a 
split mode with 10:1 split ratio. The oven temperature was held at 140 °C for 3 min then raised with 
6 °C/min to a  temperature of 190 °C and held isothermal for 1 min, then raised with 6°C/min to a  
temperature of 235 °C and held isothermal for 1 min, and finally raised with 15°C/min to a  
temperature of 300 °C and held isothermal for 3min. TCD detector operated at 250 °C under a 20 
mL/min Helium reference flow and 6.0 mL/min makeup flow. 
GC-MS analysis were performed on a Agilent 6890 chromatograph connected  to an  
Agilent 5973 mass selective detector. Samples were injected using a 15:1 split ratio. Injection 
volume was 1.0 uL. Analytes were separated by a fused-silica capillary column HP-1 (stationary 
phase 100% dimethylpolysiloxane, 30 m, 0.25 mm i.d., 0.25 µm film thickness) using Helium as a 
carrier gas (1.4 mL/min). The oven temperature was held at 65 °C for 3 min then raised with 
5°C/min to a final temperature of 305 °C and held isothermal for 15 min. The MS was operated in 
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electron impact (EI) mode with an electron voltage of 70 eV and a source temperature of  260 °C. 
Data were acquired in full scan (50–550 m/z).  
 
Identification and quantification of fatty acids  
 
Quantification of fatty acid esters with different detectors has been recently reviewed: although 
some characteristic differences were found, the performance of GC–MS were comparable with the 
performance provided by FID [11].  In this study we preferred to use GC-MS for recognizing 
contaminants and/or artefacts and GC-TCD for quantification. 
For identification, retention times of each butylester were related to the internal standard 
octadecane. For quantification, response factors were calculated from the commercially available 
certified n-butyl fatty acid standards and/or from butylesters obtained by transesterification reaction 
performed on TAG standards. 
Calibration samples were prepared in hexane at a concentration range of 25 - 250 µg/mL for 
each butylester.  The response factor  RFi (mean of three injections of the calibration standard 
solution at four points of the calibration curve) was calculated for each butylester i present in the 
calibration standard solution relatively to the octadecane internal standard as follows: 
 
 
 
                  Ai: peak area of the butylester i in the calibration standard solution chromatogram ; Wi = 
mass of butylester i in the calibration standard solution (in mg);  AIS = peak area of the internal 
standard  in the calibration standard solution chromatogram; WIS = mass of the internal standard in 
the calibration standard solution (in mg). 
Quantification of  each fatty acid (FAi) in the test samples, expressed as mg of fatty acid i 
per 100 mg of vegetable oil, was performed by using the following formula. 
 
 
 
Ai: peak area of the fatty acid butylester i in the sample chromatogram; AIS: peak area of  
internal standard in the sample chromatogram; RFi: response factor of the fatty acid butylester i, 
calculated from calibration samples as mentioned above; WIS: mass of internal standard  added to 
the sample solution, in mg; Wsample: mass of test sample in mg;  fFA: theoretical stoichiometric factor 
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to convert the mass of the fatty acids butyl ester i into the mass of the corresponding fatty acids i 
(Table 1).  
 
Table 4.2.1 Molecular weight (MW) of detected butyl ester fatty acids, their corresponding triacylglycerols 
and the stoechiometric factor enabling the conversion of the fatty acid butyl ester quantity into the corresponding fatty 
acid quantity. 
Fatty acid 
MW of 
butylester 
MW of 
fatty acid 
MW of 
TAG 
fFA 
16:0 303.5 256.4 807.3 0.8451 
18:0 331.5 284.5 891.5 0.8582 
18:1 329.5 282.5 885.6 0.8573 
18:2 327.5 280.5 879.4 0.8564 
 
 
4.3 Results obtained with reference materials 
 
The initial experiments were aimed to determine the effectiveness of different SPS during 
the extraction, solubilization and derivatization of triolein. For systems comprising of DBU alkyl 
carbonate salts, it is known that the choice of the alcohol chain length is important to tune either the 
polarity of the non-ionic form, or the melting point of the ionic form. Therefore, finding the right 
compromise to achieve a good phase separation with the oil - organic phase is a challenging task. 
Fortunately, by using butanol and hexane we observed good and reproducible recovery in  
butyloleate  (Table 2, entry 3). A small loss of material was probably related with hydrolysis and/or 
a not complete solubilisation of the substrate in the reaction media. Moreover, the ionic form is 
known to retain a small amount of the non polar fraction during the ionic/non ionic cycle.  
Differently, mixture of DBU with long chain alcohols resulted, after exposure to CO2  , 
miscible with short chain alkanes (Table 2, entry 9). In this case the system was thus not suitable for 
a successive gas chromatographic injection.  We observed that hexadecane was the only alkane to 
give immiscibility with the DBU- decanol mixture in the ionic form (Table 2, entry 5). However, 
hexadecane can’t be used as solvent for gas chromatographic analysis, due to its high boiling point.  
These data suggested to avoid the use of long chain alcohols for the further development of 
the procedure. On the other hand, short chain alcohols couldn’t  be employed because they form 
solid molten salt with DBU. Finally, problems related with the miscibility of the ionic phase were 
also observed by using mixtures prepared with chlorinated solvents (Table 2, entry 4).  
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Table 4.3.1 Extraction yields of triolein obtained by using different switchable polarity mixtures (standard deviation 
better than 4 %). For the experimental condition see the experimental part. Solvent A = n-alyl alchol, B = organic 
solvent. 
 
Entry Solvent A Solvent B 
Extraction 
Yield 
Observation 
1 Ethanol Hexane - Solid molten salt 
2 2-Propanol Hexane 81 - 
3 Butanol Hexane 89 - 
4 Butanol Chloroform - Miscible 
5 Butanol Toluene  Miscible  
6 Hexanol Decane - High boiling point 
7 Octanol Hexane 77 - 
8 Decanol Hexadecane - High boiling point 
9 Decanol Hexane  Miscible  
  
 
Starting from these basis we decided to investigate further the use of  butanol-DBU 
mixtures. Three different temperatures, three different amounts of SPS and four different reaction 
times were tested. No water scavengers, which are generally employed  to avoid water interferences  
in the majority of in situ transesterification procedures [17], were used. This was possible because 
water do not interact with the oil along the entire SPS procedure. In fact, water is not soluble in the 
SPS media during the solubilisation and transesterification step, and it forms a solid carbonate with 
DBU after exposure to CO2 .
109
  
Results of these experiments are reported in Table 3. The highest yield of butyl oleate was 
obtained by using 500µl of the 1:1 DBU butanol mixture at 85º C for 30min. No particular side 
products were detected in the related GC-MS chromatograms.  Raising temperature and reaction 
time had a detrimental impact on the overall yield, probably because monounsaturated acids are 
derivatized quickly, but they also degrade at higher temperatures and at longer reaction times. Also 
the volume of solvent used influenced the yields. In particular, by using minor amounts,  yields 
were generally lowered (Table 3, entry 4). 
Noteworthy, the yields obtained by using a commercial BF3 butanol mixture were in general 
lower than the yields obtained by using the SPS procedure. The reason was probably the already 
reported Boron trifluoride (BF3) decomposition and the related formation of artefacts.
110, 111, 112
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Table 4.3.2 GC yields in butyloleate obtained from triolein by using SPS transesterification at different reaction 
conditions (see the experimental part). Values indicate percentage of highest achieved yield, n.p. = not performed 
experiment. Average of three independent determinations on the area ratio vs internal standard (standard deviation 
better than 3 %). 
 
Entry Derivatisation system 
65º C 85º C 105º C 
15’ 30’ 60’ 30’ 15’ 60’ 5h 
1 DBU/butanol  500µl/mg 67 94 88 100 75 81 72 
2 DBU/butanol  250µl/mg 68 74 87 81 62. 65 n.p. 
3 DBU/butanol  100µl/mg 73 71 77 78 64 59 n.p. 
4 
BF3 in butanol (10% w/w) 
100µl/mg 
37 95 72 76 57 73 69 
 
  
The procedure was therefore applied for the in situ derivatization of vegetable oils: olive, palm, 
argan and almond oil were submitted to the derivatization procedure; palmitic (C16:0), stearic 
(C18:0), oleic (C18:1n-9), and linoleic (C18:2n-6) fatty acids were identified and quantified by GC 
and GC-MS  (see the experimental part). Results are reported in Table 4 and Table 5. 
No significant differences were observed for the analysis of olive oil, between the results 
obtained by applying the SPS method and results obtained by applying traditional methods (Table 
4). Moreover, the infrared spectra of olive oil after the SPS derivatization procedure showed no 
absorption at 970 cm
-1
, proving that the procedure does not induce any trans-isomerization of the 
double bonds of the unsaturated fatty acids. 
 
Table 4.3.4  Concentration of fatty acids obtained from the same test sample of olive oil after esterification by different 
methods (A = SPS, B= Joseph and Ackman, C = Folch and BF3; for further details see the experimental section). Values 
are means of triplicate determinations of the  mass of each fatty acid per 100 mg of olive oil. Standard deviation is given 
in parentheses. Methods were compared by variance analysis (ANOVA one way) and  gave statistically equal (p > 0.05) 
results. 
 
Method 16:0 18:0 18:1 n-9 18:2 n-6 
A 13.8 (0.4) 2.1 (0.2)  74.5 (1.1)  7.1 (0.3)  
B 13.9  (0.6) 2.5 (0.3) 72.8 (1.4) 7.6 (0.6) 
C 14.3 (0.5) 2.4 (0.3)  71.9 (1.2)  7.3 (0.3) 
 
 
Close results in the fatty acid profiles were also achieved by applying the three different 
methods on almond oil and argan oil (Table 4). Differences were observed for palm oil, probably 
due to the higher acid value of this oil. In fact, free fatty acids are not extracted by the Folch 
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extraction procedure. Differently, a partial extraction and derivatization of the free fatty acids could 
occur with SPS and the method reported by Joseph and Ackman. Some discrepancies in the 
estimation of the fatty acid profiles could also be related to the fact that only four fatty acids were 
directly monitored. The reason was that no as many high quality fatty acid butyl ester standards are 
commercially available, such as in the case of the corresponding methyl esters. On the other hand, 
these preliminary results strongly encouraged further efforts in this direction. 
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Fig. 4.3.1  Gas chromatograms obtained from the same test sample of olive oil in presence of octadecane as 
internal standard (IS, 0.6 mg for 10 mg of oil). Three different esterification methods were applied (A=  SPS, B= Joseph 
and Ackman, C = Folch and BF3 for further details see the experimental section). No particular interference were 
evidenced by applying the SPS method. 
 
Table 4 Fatty acids relative composition (% of total fatty acids) of different vegetable oils test samples. Results were 
obtained by using the SPS method and two literature methods (A = SPS, B= Joseph and Ackman, C = Folch and BF3; 
for further details see the experimental section). For unknown and uncalibrated peaks, the nearest fatty acid response 
factor and conversion factor were used. 
 
 
Vegetable oil method 16:0 18:0 18:1 n-9 18:2 n-6 
Other-
unknown 
Almond 
A 6.3 2.5 65.4 22.9 
2.9 
 
B 6.7 2.7 65.8 22.2 2.6 
C 6.5 2.1 67.3 21.1 3.0 
Literature data for almond oil [
113
, 
114
, 
115
] 5-9 1-3 60-76 16-29 1-4 
Argan 
A 12.0 4.9 47.3 35.2 1.0 
B 13.2 5.7 45.5 34.3 1.4 
Literature data for Argan Oil [
116
,
117
] 10 -15 4-7 43-49 29-36 1-4 
Palm 
A 44.2 4.7 38.4 8.7 4.1 
C 41.9 5.3 37.5 8.3 4.7 
Literature data for palm Oil [21,
118
, 
119
, 
120
] 40-47 4-6 35-43 8-10 5-7 
 
84 
 
4.4 Conclusions of the chapter 
 
SPSs were prepared from equimolar amounts of the commercial available DBU with 
butanol, and were employed for derivitizing vegetable oils for GC analysis.  
This work represented a initial test aimed to develop a new procedure of derivatization of 
lipids in archaeological samples. The extractions and alcoholysis of TAGs were performed in one 
step. Noteworthy, this new procedure gave fatty acid compositions comparable with the fatty acid 
compositions obtained by applying traditional derivatization methods. Moreover, no particular 
interferences and no isomerizations of the unsaturated fatty acids were observed. Saving of time and 
reagents was significant. No water scavengers and antioxidizing agents were required.  
Further improvements might be achieved by using different amidine-alcohol mixtures with 
the aim to obtain methyl ester derivatives; and by the application of a analytical methodologies 
(reasonably LC-MS) to analyze also the polar fraction and extend the procedure for a complete 
description of the archaeological residues. 
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5. Analysis of residues of Historical ointments by LC-APCI-MS and LC-ESI-
MS-QToF. Study on the Aboca Museum collection 
 
5.1 Introduction 
 
 In this chapter, the results of the application of ESI-MS, ESI-MS-QTOF and HPLC-APCI-MS 
analytical protocols for the identification of triacylglycerols (TAGs) in historical ointments are 
reported. The residues were sampled by university of Modena researcher
121
 from blue ceramic jars 
of Spanish provenance (Figure 5.1.1), conserved at the ancient apothecary of Aboca Museum 
(Sansepolcro, Arezzo, Italy) and having a well known shape of container for ointments (albarelli). 
In particular, from the sixty jars inspected, thirty contained a suitable amount of residue and twelve 
were analyzed by LC-MS. The jars were dating back from the XV-XVIII century and referred to a 
period in which monastic pharmacology was changing from the classical “humoral medicine” 
theory and the “herbalism” to the application of  the experimental investigation method 
   
 
 
Fig. 5.1.1 Majolica medicinal containers for ointments with the typical bamboo cane shape  (“albarelli”) preserved at 
the Ancient apothecary  of the Aboca Museum (Sansepolcro, Arezzo, Italy). Courtesy of Aboca Museum. 
 
All the jars were labelled with latin name which can be linked to known ointment 
formulations,  transmitted along the years thanks to the monastic tradition.  In fact, thanks to the 
work of  transcription and interpretation, carried out by the expert of translation of the University of 
Modena on six historical bibliographic sources dated between 1597 and 1872, and written in 
different languages (mainly Latin, Spanish, French), the precise recipes of this ointments are 
nowadays available.
122
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In particular the famous “Farmacopea Augustana” by Occo, the  book “Secretii Nobilissime 
“by Author named “il Greco”, Farmacope Hispanica and  “Formulario Magistrale” by Bouchardat, 
were used as main references.  
Indication provided by these sources regarding the material employed  were in disagreement 
for some ointments, hence a thorough work of comparison was needed in order to establish the most 
reasonable interpretations. Overall, lipid were the main ingredients,  used in the formulation as 
emollients and moisturizing agents and to transport the active components through the skin. 
Before analyzing these precious residues, sample treatment and LC-MS analyses were tested 
on replicas of these ointments, which were obtained in laboratory by using the same techniques as 
those reported in the bibliographic sources. 
 
5.2 Analysis of the reformulated ointments  
 
In order to  evaluate the performance of  the  LC-MS analytical methods in recognizing  
lipid materials in complex mixtures by TAGs profiling , reference ointments,  prepared in 
laboratory  by following the recipes corresponding to the ancient ointments object of the study, 
were analyzed (Table 4.2) .  
 
Table 5.2.1  List of the laboratory reproduced ointments used as reference and prepared according to recipes reported in 
historical bibliographic sources. For the same ancient Latin name different recipes were available in the literature. Thus, 
the same ointments (indicated with the same code number) was laboratory made even in double or triple (different code 
letter) accordingly to the different historical sources  . 
Sample 
Code  
Reference formulations Main lipid Ingredients Other ingredients 
IA Unguentum Rosatum pork suet 30g (23%w/w), 
sweet almond oil 2.7g (2% 
w/W); 
Fresh red roses; Rose water 
IB Unguentum Rosatum pork suet 30g (23% w/W),  Fresh red roses; Rose water 
IC Unguentum Rosatum pork suet 30g (50% w/W), 
beeswax 
Rose Water  
IIA Unguentum Populeon  pork suet 240g (86% w/W), Poplar buds; Adeps suillus; Poppy; Lettuce, 
Viola; Henbane, Deadly Nightshade, 
Houseleek; Burdock; Perfumed Wine 
IIIA Unguentum Pro Igne pork suet 10g (23% w/W), 
olive oil 8g (20%), beeswax 
7.5g 
Turnip juice, Silver Litharge (PbO); 
IIIB Unguentum Pro Igne pork suet 20g (26% w/W), 
olive oil 18g (24% w/W) ; 
Turnip juice; Adeps suillus 
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beeswax 15g 
IVB Oximel simplex none  Skimmed Honey;  Vinegar  
VA Mel rosatum none Decoction of Roses; Skimmed Honey   
VIA Unguentum Althea olive oil 40g (43% w/W); 
beeswax 10 g 
Althea, linseed, Fenugreek, Pine resin  
VIB Unguentum Althea Pork lard 120 g (61% w/W)) 
beeswax 20 g 
Marsh mallow, Linseed, Fenugreek 
Curcuma powder, Adeps suillus; Pine resin. 
VIIA Unguentum Colophonie olive oil 75 g (73% w/W) Fenugreek;  Mastic;  Galbanum; Incense  
 
 
Figure 4.2.1 reports the TAG profiles obtained by HPLC-APCI-MS analysis of reference ointments. 
Histograms were used for indicating the relative abundance of each detected TAG, accordingly to 
the peak area integration procedure described in the experimental section of this thesis (see chapter 
2). 
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Figure 5.2.1   TAGs distibution found in the laboraotry reproduced oitments 
 
 
As can be easily seen, the TAG profiles obtained from the reproduced ointments resemble 
the TAG profiles of the lipid reference materials used for their preparation (figure 4.2.2). This 
means that the preparation procedure of the ointments didn’t cause any modification into the TAG 
distribution of the original lipid material, neither any contamination effect could be related to the 
other non-lipid ingredients included in the formulation. Moreover, no particular interferences were 
detected in the chromatograms (see the example in Fig. 3). Reference ointments prepared without 
lipid material ingredients (samples IVB “Oximel simplex” and VA “Mel rosatum” in Table 1), 
showed no TAGs. 
 
 
Figure 5.2.2   HPLC-APCI-MS chromatograms of reproduced laboratory oitments VIA, VIIA e IIA. Oitmnets VIA and 
VIIA were prepared by using olive oil as lipid base and they showed  the same TAGs distribution. Differently oitments 
IIA was prepared with porcine adipose fats and its TAG distibution resemble the distribution of this fat. 
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Noteworthy, nice identifications of the original natural materials were achieved by also in 
ointments prepared with more than ten different ingredients. This proved the particular selectivity of 
the analytical procedure in detecting the original TAG among all the possible interferences. 
 
5.3 Validation of the  LC-MS method through a Round Robin experiment. 
 
The reliability of the proposed LC-MS approach for the characterization of the complex 
lipid residues  was also severe tested in a round robin exercise  
This test was conducted in the context of an Italian National Research Project (MIUR 
Prin07) aimed to evaluate multi-analytical procedures to  reconstruct the composition of ancient 
medical preparation.
122
 Effectively, a replica of a pharmaceutical formulation was prepared in 
laboratory following a recipe dating back to the XVII century. Portions of this preparation were 
analyzed by eleven laboratories with consolidate experience in the analysis of historical, artistic or 
archeological materials (Table 5.3.1 ) 
 
Table 5.3.1 List of the laboratories involved in the Round Robin experiment  
Insitution City 
CNR-ISTM Perugia (Italy) 
LETIAM, IUT d' Orsay Paris (France); 
British Museum, Department of Conservation and Scientific Research London (United Kingdom) 
Dipartimento di Chimica G. Ciamician, Università di Bologna Bologna (ITA) 
Dipartimento di Scienze dell’Ambiente e del Territorio, 
 Università Milano Bicocca 
Milan (Italy) 
Dipartimento di Chimica e Chimica Industriale, Università di Pisa Pisa (Italy) 
Department of Pharmaceutical Science and Chemistry Department,  
University of Modena and Reggio Emilia  
Modena (Italy) 
CIBA, Politecnico di Milano München (Germany) 
Doerner Institut Hannover (Germany) 
Dipartimento di Chimica, Università di Torino Torino (Italy) 
Ca‘ Foscari Venezia (Italy) 
 
Table 5.1.2 detail the list of the analytical methodologies available in the laboratories 
involved in the round Robin test. As can be seen GC-MS and Infrared spectroscopy were the most 
employed techniques. 
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Table 5.3.2: Analytical techniques employed by the participating laboratories 
 
Analytical technique Number of laboratories 
FTIR:  5 
µRaman 3 
XRF 1 
NMR 1 
Py-GC/MS 1 
GC/MS 5 
LC/MS 3 
 
 The participants at the experiment didn’t know the composition of the ointments and were asked to 
independently analyze the material as if it was a residue of an ancient pharmaceutical or cosmetic 
preparation, by choosing the preferred analytical techniques. In reporting their results, they were 
also asked to provide an identification of the original materials used for the preparation of the 
ointment. The preparation selected for this test was Diachylon Bouchardat Plaster described in 
“Nuovo Formulario Magistrale” (XVII century, A. Bouchardat) which showed a quite commonly 
formulation very similar with many other reported recipes. Table 5.3.3 reports the ingredients used 
with the corresponding amounts.. As can be seen by comparing the percentage amounts, the main 
lipid materials used to obtain the creamy base of the plaster were pig suet (pig adipose fat around 
the kidneys) and olive oil. The preparation procedure involved several mixing, blending and heating 
at 60-80°C steps which required more than nine hours. 
 
Table 5.3.3. Ingredients used in the preparation of the Diachylon Bouchardat Plaster [ref incr], used as blind sample.  
Diachylon Bouchardat Plaster 
Ingredient Amount Supplier  
Silver Litharge (PbO) 50 g. (16%) Sigma Aldrich, Milano, Italy 
Pig suet 50 g. (16%) Butcher’s Shop, Venice, Italy 
Olive oil  50 g. (16%) “La Giara” oil producer, Trapani, Italy 
Deionised Water 100 g. (33%)  
Galbanum 8 g. (3%) www.laviadellincenso.it 
Beeswax 24 g. (8%) Local producer, Pisa, Italy 
Pine resin 12 g. (4%) www.laviadellincenso.it 
Colophony 12 g. (4%) Zecchi (Florence-Italy) 
 
 
 
The results of the analysis  of the eleven laboratory are reported in Table 5.3.4. It is striking 
to observe that none of the laboratories was able to completely reconstruct the complex formulation, 
but each of them gave partial positive results .  
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Table 5.3.4. Summary of the results of the round robin exercise. In Italic: materials not present in the unknown 
ointment.   
 
Laboratory Analytical technique Identified or hypothesized materials 
1   FT-IR Plant oil (olive oil), beeswax, aromatic compounds 
2   FT-IR, XRF Plant oil, beeswax, aromatic natural resin, PbCO3 
3   Micro-Raman, SERS Animal fat (pig suet), colophony or pine resin, Galbanum resin, PbO 
(Litharge and Massicot), PbCO3 
4   NMR, HPLC-APCI-MS Plant oil (almond or olive oil), animal fat, beeswax, Pinaceae resin, 
galbanum resin, wine 
5   Py-GC/MS Plant oil, beeswax, diterpenoid resin 
6   GC/MS, SPME-GC/MS Animal fat (pig lard), beeswax, Pinus sylvestris resin, triterpenoid 
compounds 
7   GC/MS Plant oil, animal fat, beeswax, Pinaceae resin   
8   GC/MS, FTIR Plant oil, beeswax, Pinaceae resin, PbCO3  
9   GC/MS, micro-Raman Plant oil (almond or olive oil), animal fat, beeswax, Pinaceae resin, 
PbCO3 
10   GC/MS, HPLC-Q-ToF MS, 
FT-IR, micro-Raman 
Plant oil, beeswax, diterpenoid resin, PbO 
 
11   HPLC-ESI-HR ToF MS Plant oil (olive oil), beeswax , Pinaceae resin, sandarac resin 
 
 
Focusing on the characterization of the lipid materials, which is the main topic of the current 
thesis, soft ionization technique showed the best performance and gave the mostaccurate results. 
 Non destructive techniques (FTIR, Raman and SERS) gave a fast screening between 
inorganic and organic materials. They also enable the assessment of the presence of  oils and waxes 
by using  a very small amount of sample and without the need of pre-treatments. On the other hand,  
they gave very poor results in the recognition of the original materials. 
In particular, by the identification of carbonyl signals in FTIR (at 1746 cm
−1
  and at 1739 
and  cm
−1
)  and in micro-Raman ( at 1440 and 1300 cm
−1
)  is possible only to have a general 
indication of the presence of  a lipid material, but is rather difficult to precisely indicate the source.  
 With GC-MS the glycerolipid material were better identified thanks to the recognition of 
specific free fatty acids such as oleic palmitic, palmitoleic acid for vegetable oils and the 
identification of long chain fatty acids and fatty alcohols for beeswax. Moreover, due to the low 
level of azelaic acid identified  it was possible hypothesize the absence of a siccative oil.  
However on the basis of the fatty acid profile none of the lab employing GC-MS was able to 
identify the precise original source of the oil, and only general indication were given. One lab 
thanks to the detection of vegetal sterols indicated the presence of a vegetable oil. Some lab 
suggested the presence of animal fats ion the basis of the identification of odd fatty acids and 
cholesterol in the neutral fraction.  Thus GC-MS is able to give precious information about the 
origin of a lipidic material, but only in the cases is not limited to the fatty acid profile recognition. 
Information about the presence of vegetal sterols and cholesterol as ulterior marker are needed to 
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discriminate plant oils from animal fats. Same limitations were observed by using pyrolyis GC-MS. 
An the other hand, this technique was capable to determine with only one chromatographic run a 
large number of very different classes of substances.  
Soft ionization techniques provide the most  precise recognition of the original lipid sources. 
The advantage on the gas chromatographic techniques can be explained by the fact that intact TAGs 
retain more information than the corresponding constituents fatty acids.  
In fact, thanks to the recognition of high level of triolein and unsaturated TAGs  it was 
possible identify the olive oil as main ingredients of the round robin ointment.  The presence of 
saturated TAGs and  in particular of APS,  allow to determine also the presence of a porcine 
adipose fat (figure 5.3.1). 
 
 
Figure 5.3.1. TAGs distribution in the round robin sample 
 
 
5.4  Description of the historical ointments 
 
In this section are reported the descriptions of the analytical results of the lipid characterizations 
of the historical ointment residues. In addition to the results obtained by the LC-MS analyses, results 
obtained from the application of other analytical techniques (mainly GC-MS, IR and NMR 
spectroscopy) in a collaborative work with other researchers are reported. Some of these results were 
already published.121 The aim here is to show a comparison of these analytical techniques with LC-MS 
in the challenge of identifying the original sources of archaeological residues by the study of its  lipid 
fractions.  
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Samples 1-a e 1-b, “Oleum Hypericum” 
 
Samples 1a and 1b were collected from a glassware labelled as “Oleum Hypericum” (figure 
5.4.1). The provenance of the glassware was an ancient Spanish apothecary called the “Real Cartuja de 
Jesùs Nazareno” in Valldemosa. “ Oleum Hypericum” was the oily extract of the flower of “Hypericum 
perforatum”, called also St. John's wort, a plant of Ipericaceae family traditionally used for different 
illness such as burns, non-healing wounds and ulcers, abscesses, purulent inflammation of the mucous 
membranes of the mouth. 122 
 
 
Figure 5.4.1 Glassware labelled as “Oleum Hypericum” from the ancient apothecary  “Real Cartuja de Jesùs 
Nazareno”. Two different phases were sampled for the analysis (sample 1a was the red fraction and 1b was the white 
fraction) 
 
HPLC-APCI-MS analysis of these samples showed a very high degree of hydrolysis of the lipid 
fraction. In fact, only saturated TAGs were detected and the corresponding ionic current was very low if 
compared with the total ionic current (TIC) registered in the chromatogram (TAGs/TIC=7%). This 
observation might be explained by the fact that in glassware, due to the low protection from the light 
some degradation process are very fast. However, the environmental condition in which this ointment 
was stored, together with the presence of some acids as ingredients in the formulation could also have 
played an important role. In fact, it is known that glass was often used as storage material due to its acid 
tolerance and high temperature stability. On the basis of the observed TAG distributions (Figure 5.4.2), 
it seems that vegetable oils and animal fats were combined for the preparation of these ointment. 
Despite the non similar exterior appearance, the two samples showed the same TAG composition. 
 
Figure 5.4.2   TAG composition of sample 1a 
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Indication of the presence of a fatty material were also obtained by FT-IR analysis. In fact, peaks 
which can be related to the presence of free fatty acids  (1707 cm
-1 
- 1709 cm
-1 
) and esterified fatty 
acids  (1739-1740 cm
-1 
) were detected. No inorganic components were evidenced by XRF analysis.  
 
 
Figure 5.4.3 FT-IR spectra of sample 1a e 1b. Despite the very dissimilar appearance of the samples, the spectra are 
quite identical. 
 
Similarly to LC-APCI-MS, results obtained with GC-MS and GC-py-MS suggested the use of a 
vegetable oil, which might be considered partially degraded due to presence of azelaic and sebacic acid, 
which are oleic acid derivatives and marker of its oxidative degradation (figure 5.4.3).  
 
1  pentadioc 9  suberic 
2  esanoic  10  azelaic 
3  eptanoic  11  sebacic 
4  ottanoic  12  palmitic 
5  ottadienic  13  oleic 
6  nonanoic  14  stearic 
7  decanoic 15  linoleic 
8  hydoxyottanoic 16  dehydroabietic 
 
 
Figura 5.4.3 Pyro-chromatogram of sample 1a with relative fatty acids identification 
 
However, no vegetal sterols were found by analyzing the neutral fraction, hence the indication 
of the use a vegetal oil was quite ambiguous. 
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Figura 5.4.4 GC-MS analysis of samples 1-a and 1-b with relative fatty acids identification 
 
 
Sample 5007 “Ung. Althea” 
 
Sample 5007 labelled as “Ung. Althea” was analyzed by HPLC-APCI-MS and HPLC-ESI-MS-
QToF. Both the techniques confirmed the presence of high level of triolein and the presence of 
unsaturated TAGs which can be related with the use of a vegetable oil. Saturated TAGs which are 
typical of animal fats such as PSO were also recognized. Tristearin was not evidenced in both cases, 
suggesting that no ovine fats were used. The bibliographic sources related to this preparation indicated 
the use of oil and waxes to obtain a cream in which add curcuma powder, pine resin, fenugreek and 
others scented components were mixed. 
 
Figura 5.4.5 HPLC-APCI-MS analysis of the residue found in sample 50007 
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Figura 5.4.6 HPLC-ESI-MS-QToF analysis of the residue found in sample 50007 
 
This sample was also analyzed by  
31
P-NMR spectroscopy (Figure 5.4.7).  Wax was identified thanks 
to the presence of peaks of  primary alcohols (2n), secondary (2p) and ω-1 (2s). Peaks related to 1,2 
diacylglicerols (2i), 1,3 diacylglicerols (2o) and to  tertiary alcohols such as β-sitosterol (2t) suggest the 
presence of a hydrolyzed fatty material of a reasonable vegetal origin.   
 
 
Figura 5.4.7  
31
P-NMR spectra of ointment 50007 
 
1
H-NMR  revealed the presence of resinic acids: in fact, peaks at 7.15 e 7.00 ppm can be 
related with the aromatic protons of dehydroabietic acid and the  multiplets at  5.77 ppm, and 4.91 
ppm can be linked to the  protons on the unsaturated carbons of abietic and pimiaric acid. Signals at 
3.0 ppm can be interpreted as the protons on saturated carbons of  dehydroabietic acid. Olefinic 
protons were at 5.35 (a) e 2.00 ppm (2c).  Signals corresponding to triacylglicerols were not 
TAG Formula Area 
OOO C57H104O6 4717383 
POO C55H102O6 1505345 
PPO C53H100O6 824859 
PSO C55H104O6 723305 
PPL C53H98O6 587436 
POL C55H100O6 571528 
OOL C57H102O6 267086 
SSO C57H108O6 260436 
LLP C55H98O6 183430 
MPP C49H92O6 180152 
OLL C57H100O6 99054 
LLL C57H98O6 67854 
PPP C51H98O6 59518 
LOS C56H104O6 40613 
PSS C55H106O6 10998 
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detected (b, g e k): whereas the peaks at 2.34 ppm (2a), can be related to protons in alfa position in 
respect to a carbonyl of the free fatty acids, which confirms that the material was hydrolyzed. Signal 
of waxes were detected at 4.05 ppm (o), 4.91 ppm (d) e 3.49 ppm (y); 3.65ppm (u), corresponding 
to primary alcohols which are the degradation markers. 
 
 
Figura 5.4.8  
1
H-NMR spectrum of the neutral extract of ointment 50007 
 
Sample 50015  “Ung. pro igne” 
 
Sample 50015 was labelled as “Ung.Pro Igne”. The appearance of the organic substance was a 
yellow pasty (Figure 5.4.9).  Bibliographic sources indicated for this ointment a very simple formulation 
based on the use of oil, beeswax, silver litharge to obtain the cream used to admix  “adep suillus” and 
turnip juice. 
 
Figure 5.4.9 Sample 5015 at optical microscope 
 
HPLC-APCI-MS analysis showed high level of triolein and unsaturated TAGs which can be 
related to the presence of a vegetable oil . Also tripalmitin was detected in high level, thus palm oil was 
probably used. POS and PSS were detected in remarkable concentration and also low level of tristearin 
were identified, which suggest a ruminant origin.  
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Figure 5.4.10 TAG distribution of  Sample 5015 obtained by HPLC-APCI-MS 
 
 
Due to the fact that the bibliographic source do not indicate the use of an animal fat for the 
preparation of “unguentum Pro igne” it should be clarified if this presence was caused by a 
contamination or by a deliberate choice of the original person involved in the preparation of using a 
different recipe. Py-GC/MS e GC/MS also confirmed the use of lipid material with probably a 
vegetable oil.  In fact in the relative chromatograms marker such as oleic acid and its derivatives 
azelaic, suberic, sebacic and 9,10-dihydroxyottanoic were identified. The abundance of the latter in 
comparison with oleic acid indicate a high level of degradation. In addition, the detection of long 
chain fatty acis  C
20 
- C
28
, and dihydroxyacids in the acidic fraction and of long chain alkanes in the 
neutral extract indicated the presence  of beeswax. 
 
 
 
Figure 5.4.11. Py-GC-MS of sample  50015 and corresponding fatty acids identification 
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2  Succinic 11  Oleic 
3  Nonanoic 12  Stearic 
4  Pentandioic 13  Linoleic 
5  Decanoic 14  Nonadecanoic  
6  Hidroxiottanoic 15  Eicosanoic  
7  Suberic 16  Pentacosanoic  
8  Azelaic 17 Eptacosanoic 
9  Sebacic   
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Figure 5.4.12 GC-MS chromatograms obtained from the acidic and neutral fraction of sample 5015  
 
 
 FT-IR and Raman spectroscopy confirmed the use of beeswax and the presence of a highly 
degraded oil , because intense signals of free fatty acids were detected (figure 5.4.13) 
 
 
 
Figure 5.4.13 FTIR spectra of sample 50015 and beeswax as reference (blue color). 
 
No particular inorganic materials were identified by XRF. Only residues of lead oxide were identified, 
which is in agreement with the use of silver litharge reported for “Unguentum Pro Igne” by most of the 
bibliographic sources. 122 
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Figure 5.4.14 Raman Spectra of sample 50015 and beeswax as reference (green color). 
 
Also NMR analysis confirmed the use of waxes and the presence of an highly degraded oil 
 
 
 
Figure 5.4.14  
31
P-NMR of the apolar extract obtained from sample 50015. 
 
 
31
P-NMR showed in fact peak corresponding to 1,2 (2i) e 1,3 diacilglycerols (2o) which are related 
to lipid material. It was not possible identify more accurately the material because neither particular 
signals of vegetal sterols  neither  triacylglicerols  were detected  (probably due to the high 
degradation of the sample). Beeswax was easily recognized thanks to the peaks of primary alcohols 
(2n), secondary alcohols (2p) and ω-1 (2s).  1-monoacylglycerols (2i e2q) and diols (2m) peaks 
were also abundant, indicating the degradation of the ointment . 
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Figura 5.4.15 -  
1
H-NMR spectra of sample 50015. 
 
Presence of  beeswax was confirmed also by  
1
H-NMR : in addition to the characteristic 
triplet at 4.05 ppm (o), there were signals referable to the protons in alfa to the alcoholic oxygen in 
the esteric group (e).  Singnals can be related to the  triplets of free primary alcohols at 3.64 ppm 
(s).  Their presence indicates high degradation rate of the beeswax. No signals of triacylglycerols 
were observed , instead  1,2-diacylglycerols (f,h, r) and 1- monoacylglycerols (i,l , s) were highly 
abundant indicating the degradation of the original lipid material. 
  
Sample 5017 “Ung. Colophoniae” 
 
HPLC-APCI-MS analysis of  50017 via APCI-MS indicated the use of a  vegetable oil and 
the presence of an animal fat. In fact high levels of SSS and of MPS were observed, which may be 
related to the use of  a ruminant origin fat. The jar containing this ointment was labelled as “Ung 
Colophonie” and bibliographic sources  states the exclusive use of olive oil  as base for the 
preparation of this ointment.  In fact it was mixed with beeswax to obtain a cream which was used 
to amalgamate scented composts such as like colophonie, galbanum and incense. 
 
 
Figure 5.4.16 Appearance of sample 50017  
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Figure 5.4.17  TAG distribution of sample 50017 obtained by HPLC-APCI-MS 
 
High level of triolein were detected also by HPLC-ESI-MS-QtoF, while tristearin and  the 
other saturated TAGs which were identified in APCI-MS were not detected probably due to their 
low level of concentration. 
 
 
 
 
 
 
 
 
 
 
Figure 5.4.18 TAGs found in sample 50017 by ESI-MS-QToF  
 
 
Py-Gc-MS analysis confirmed the use of a vegetable oil and the presence of another lipid material 
due to the presence of miristic and stearic acid.  
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 Figura 5.4.19. Py-GC-MS analysis of sample 50015  
 
Table 5.4.8  Identification of the chromatographic peak relative to figure 5.4.19 
1  Nonanoic  9  Stearic 
2  Decanoic  10  Linoleic  
3  Hydroxyottanoic  11  Dehyroabietic  
4  Suberic  12  Dehydroabitic  
5  Azelaic  13  Ecptacosanoic 
6  Miristic  14  Uncosanoic  
7  Palmitic  15  Nonacosanoic  
8  Oleic    
 
The presence of the vegetable resins, in particular pine resin, was also easily evidenced by the  
detection of terpenic acids: in particular of abietic acid and its derivative 7-oxo-dehydroabietic acid .  
 
Figure 5.4.20 GC-MS on the acidic fraction of sample 5017  
 
In the neutral fraction beeswax was recognized thank to the presence of long chain alcohols and 
n-alcanes. Also in the acidic fraction C
22
-C
28
 acids and hydroxiesadecanoic acids which are specific 
markers of beeswax were recognized. 
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Figure 5.4.21  GC-MS of the neutral fraction of sample 50017 
 
Due to the high level of wax derivatives it was not possible identify  steroids which are  
useful biomarker of glicerolipidic material . IR spectra of sample 50015 e 50017 (Figure 5.4.22) 
appeared very similar: peaks related to free fatty acids  at 1705 -1707 cm
-1
 , esters 1735 cm
-1
, and 
signals of beeswax at  1472, 1464, 1380, 718 e 729 cm
-1
  confirm that the lipid ingredient were well  
preserved in these vessels.  
 
 
 
Figure 5.4.22.   IR spectra of sample 50015 e 50017 
 
XRF analysis confirmed organic material as the main part of the sample and the absence of 
inorganic components. 
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The presence of olive oil and beeswax was also confirmed by 
31
P-NMR analysis on the 
neutral extract (Figure 4.4.23). In fact peaks of 1,2 (2i) e 1,3 diacylglicerols (2o) and β-sitosterols 
(2t) were observed for olive oil and primary alcohol (2n), secondary (2p) and ω-1 (2s) for beeswax. 
No information about the presence of a animal fatty material were obtained. In fact, the NMR 
technique appeared capable to give a general information on the presence of a  vegetable oil (sterols 
and glycerides) but, such as like in the case of IR, didn’t provide the further specification of its 
origin. 
 
 
Figura 5.4.23.    
31
P-NMR spectrum of sample 50017. 
 
By 1H-NMR (Figure 4.4.24) it was possible identifying resinic acid due to presence of protons  at 
7.15 and 7.00 ppm which can be related to the protons on the aromatic ring in the hydroabietic acid 
and to the multiplet at 3.0 ppm which can be related to its saturated protons. 
 
Figura 5.4.24.   
1
H-NMR spectrum of sample 50017. 
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Also in this case, the beeswax presence was confirmed by the identification of characteristic 
triplets at 4.05 ppm (2a), 2.29 ppm (2b) e, and at 4.80 ppm (e, very low). The peaks at 5.35 ppm (a) 
and 2.02 ppm (2c), were related to the presence of unsaturated carbonyls. Differently from the 
sample 50015 the peaks corresponding to MAGs were no detected, whereas the peaks 
corresponding to the TAGs were abundant  (b,g e k). Thus in this case the hydrolytic process was 
lower than in the other cases, whereas the peak corresponding α carbonyl proton of free fatty acid 
was observed. This observation of the low degradation is in agreement with the data obtained by 
comparing the total ionic current with the ionic current of TAGs in HPLC-APCI-MS. 
 
 Sample 50023 “Ung. Populeon” 
 
HPLC-APCI-MS analysis of sample 50023 indicated the use of olive oil, confirmed by the 
very high relative intensity level of OOO, in addition to the presence of some unsaturated TAGs 
(such as LLP) and the absence of TAG which are normally related with other vegetable oils (such 
as LLL and PPP). This result confirm the reliability of the  soft ionization mass spectrometry 
approach in identifying the original lipid material in a organic residue. Noteworthy the same kind of 
accuracy in the description of the lipid constituents couldn’t be achieved by using the other 
analytical approach . 
 
Figure 5.4.26: HPLC-APCI-MS of sample 50023 
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Figure 5.4.27. TAG distribution in sample 50023 obtained by HPLC-APCI-MS 
 
In fact the FT-IR spectra indicate the presence of a different ingredient which was  identified 
as arabic gum (see the comparison with a reference sample of Arabic gum in figure 5.4.28) 
 
 
Figura 5.4.28-  FT-IR of the insoluble fraction of sample 50023 and Arabic gum. 
 
 In fact, both of the reference gum than the sample 50023 showed a large peak 3358 cm
-1
 
corresponding to O-H streching which is widespread in this kind of polymers. C-H stretching at  
3000-2840 cm
-1
 were observed together with  2288 e 2221 cm
-1
  alkines C-H which were not 
present in the reference gum.  The peak at 1626 cm
-1
 is related to carbonyl in esters whereas the 
peak at 1420 cm
-1
 can be related to the  OH bending.  The two peaks at  1124 and 1099 cm
-1
 can be 
related to C-O  stretching  of  C-OH  thus to alcohols formed from the degradation of waxes.  In fact 
also the 
31
P-NMR spectra showed the presence of  signals related to primary alchohols (2n), 
secondary  (2p) an alcohols in ω-1 (2s) In addition, there were some signals related to the presence 
of a glycerolipidc base with signals relative to 1-monaoacyglycerols and 1,3-diacylglycerols, 
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whereas the signal relative to 1,2-diacylglycerols wasn’t detected probably because covered by a 
large peak at 148.34 ppm, probably caused by other degradation products 
 
 
Figura 5.4.29.   
31
P-NMR spectrum of 50017 
 
Also in this ointments  a signal corresponding to diols  (2m) were observed indicating a degradation 
of the lipid material together with the singlas of  1-monoacyglycerols (2j e 2q). 
The 
1
H-NMR spectrum showed the pekas relative to double bonds  (a e 2c) and peaks 
related to beeswax such as  4.05 ppm (o), 3.64 ppm (u) and 3.47 ppm which might be superimposed 
with the signal relative to secondary alcohols. 
 
 
 
Figura 5.4.30.   
31
P-NMR spectrum of 50023 
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Signals related to TAGs were no detected, indicating that the material was highly 
degradated. This was also confirmed by the high intensity of the peak corresponding to free fatty 
acids 2a.  
 
 
Sample 50509 “Ung Rosatum” 
 
In the case of sample 50509,  which was labelled as “Unguentum Rosatum” the TAGs 
detected were clearly referable to a preponderant use of pig fat. In fact, in its lipid extract were 
found high levels of POS and PPS, which can be associated with the use of animal fat, and traces of 
APS, which is a biomarker for the presence of pig. As further confirmation, there were no traces of 
the TAGs normally related to other fat sources (sheep lard and beef tallow) such as SSS, MPS and 
MPO. 
 
 
Figure 5.4.31 HPLC-APCI-MS chromatogram of sample 50509 
 
 
Figure 5.4.32  TAG detected by HPLC-APCI-MS in sample 50509 
0 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
50509 
110 
 
 
The absence of tristearin and the high levels of TAGs related to animal fats were confirmed also by 
HPLC-ESI-MS-Qtof analysis 
 
 
Figure 5.4.33  HPLC-ESI-MS-QTof of sample 50509 
 
Table 5.4.33  TAGs detected by HPLC-ESI-MS-QTof in sample 50509 
TAG Area 
POO 1722028 
PPO 1238228 
PSO 932397 
PPLn 896886 
POL 871554 
OOO 749339 
LOO 403059 
MMO 372334 
OSS 371129 
LLP 337822 
PPL 288041 
OLL 111155 
MPP 89778 
PPP 72811 
LLL 56752 
PPS 62442 
 
Thanks to structural analysis we have been able to identify precisely the presence of porcine 
fats in this sample, in fact the value of the [PO]
+
/[PP]
+
 fragment ratio was very close to the values 
of the sole sn-PPO positional isomer, which were encountered only in porcine fats (see the previous 
chapter). 
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Figure 5.4.34  sn-POP and sn-PPO TAG isomer mixture detected in historical ointments 50509: the [PO]
+
/[PP]
+ 
fragment ratio indicates the presence of the sole sn-PPO positional isomer and suggest the use of a pork fat 
 
The information provided by NMR for this sample were very poor, probably because the 
signals were covered by the signals relative to the degradation products. In fact, the 31P-NMR( 
Figure 5.4.35) showed only the signal relative to 1,3-diacylglicerols (2o) , 1-monoacylglycerols (2j) 
and diols (2m). No signals relative to beeswax were detected   
 
 
Figura 5.4.35  
31
P-NMR spectra of sample 50509 
 
The 
1
H-NMR spectrum resulted very complex indeed. TAGs presence was confirmed by 
characteristic peaks at 5.27 (b), 4.29 (g) e 4.16 ppm (k). 1,2- diacylglycerols showed a multiplet at  
5.08 ppm (c), and a quartet at 4.32 ppm (f), probably covered by the quartets relative to TAGs ( g ) 
Characteristic multiplets at  a 3.73 ppm were also detected (r). The area of the spectrum at 4.25-
4.00 ppm was very complex: it is plausible the presence of 1,3-diacylglycerols and 1-
monoacyglycerols:  due to presence of the quartet at 4.18 ( superimposed with k), and the signals at 
4.13 ppm (m), at 4.10 ppm (n) and at 3.66 ppm (s). This peaks represent  a confirmation of the 
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degradation of the lipid fraction of the sample, which is strictly related to the presence of a high 
peak of free fatty acids  (2a). 
 
Figura 5.4.36  
1
H-NMR spectra of sample 50509, “Unguentum Rosatum” 
 
 
Unguentum Althede  
 
The analysis  of the sample labelled as “Unguentum althede” were carried out by HPLC-
APCI-MS and ESI-MS-QToF. Similar TAG distribution was recovered by both the two techniques.  
In particular by APCI-MS (such as like as already observed in the analysis of reference materials, 
chapter 3) saturated TAGs were better detected than by ESI-QToF, whereas ESI-QToF was more 
sensitive to unsaturated TAGs. 
 
 
 
 
 
 
 
 
 
 
Figure 5.4.37 HPLC-chromatograms of the sample Unguentum Althede 
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Figure 5.4.38 TAG distribution found in Unguentum Althede 
 
 
In particular APCI-MS spectra elucidation highlighted the presence of  POS and PPS which 
are TAGs typical of animal adipose fats (figure 5.4.39). 
 
 
 
Figure 5.4.39 APCI-MS spectra of PPS in “Unguentum Althede 
 
In addition to the saturated TAGs observed by APCI-MS, ESI-QTOF showed the presence 
of some unsaturated TAGs. These unsaturated TAGs were also  typical of animal fats (see chapter 
3) and due to low relative abundance of triolein concomitantly found, it can be hypothesized that no 
vegetable oils were used, or at list a highly unsaturated oil (such as linseed) was used in tiny 
amounts. 
 
Figure 5.4.40 HPLC-ESI-MS-QToF chromatogram of “Unguentum Althede 
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Table 5.4.31  TAG distribution found  in Unguetum Althede by HPLC-ESI-MS-QToF 
TAG Area 
POO 11814358 
POP 8194023 
OOO 7730108 
LOP 6330478 
POS 4164312 
LPP 4003430 
LLS 3656093 
OLL 2007150 
LLP 1998416 
LLL 735766 
PPLn 688067 
PPS 531508 
PSS 428104 
MMP 307975 
LOS 257428 
PPP 147530 
LLM 83225 
 
 
Unguentum capital 
 
 
Also  “Unguentum Capital” showed the predominance of saturated TAGs by HPLC-APCI-MS 
analysis. In this case TAGs typical of ruminant, such as like tristearin and odd TAGs, were 
observed in appreciable amounts (figure 5.4.42). 
 
 
Figure 5.4.41  HPLC-chromatograms of the sample “Unguentum Capital” 
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Figure 5.4.42 TAG distribution retrived in “Unguentum Capital”  by HPLC-APCI-MS 
 
 
 
 
 
Figure 5.4.43  APCI-MS spectra of tristearin found in “Unguentum Capital” 
 
Noteworthy, tristearin was not observed by HPLC-ESI-MS-QToF, and MPS, PPS and PPP 
where detected only in trace, whereas in APCI-MS they were predominant.  Nevertheless, both the 
techniques gave the same indication about the ruminant origin. In fact ESI-MS-Qtof  showed the 
presence of odd TAGs which are commonly related to the microbiological activity of the rumen. 
 
Figure 5.4.44 ESI-MS chromatogram of “Unguentum Capital” 
 
Table 5.4.30 TAGs recognized in Unguetum Capital by HPLC-ESI-MS-QTOF 
TAG Area 
LLL 6008631 
MLL 1124070 
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OLO 19645545 
LLP 18791633 
PPLn 6841388 
MMO 2670938 
PPL 37798143 
POL 47617206 
LLO 32760989 
MPP  1697674 
PPP 4160720 
LOS 3036386 
POO 68978115 
POP 55448684 
MSS 2990010 
PSO 31586449 
OOS 29006788 
PSS 2168783 
SLA  1193579 
SSS 754350 
 
 
 
“Unguentum carcum sol” 
 
 
“Unguentum Carcum sol” was characterized by the presence of saturated TAGs which were 
detected both with APCI-MS and ESI-MS-QTOF and are marker of  animal fats.  
 
 
 
Figure 5.4.45  HPLC-chromatograms of the sample Unguentum Althede 
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Figure 5.4.46  TAG distribution in Unguentum Carcum Sol 
 
 
ESI-MS-QTOF evidenced the presence of  unsaturated TAGs which can be related to the 
presence of a vegetable oil. In particular the sole presence of the sn-POP positional isomer 
confirmed through the [PP]
+
/[PO]
+
 ratio indicates the exclusively use of a vegetable oil (differently 
in all animal fat also PPO in present, see chapter 3) 
 
Figure 5.4.47 TAGs detected in “Unguentum Carcum” by LC-ESI-MS-QTOF 
 
 
 
 
Figure 5.4.48. Detection of sn-POP in “Unguentum Carcum” indicating the presence of a vegetable oil 
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Unguentum pectoralis 
 
 
The HPLC chromatogram of  “Unguentum Pectoralis”  showed a very narrow distribution 
of TAGs and the predominance of TAGs degradation products, which is compatible with the 
presence of a vegetable oil. In particular high level of triolein were detected, (Figure) in conjunction 
with the presence of tripalmitin,  
 
 
Figure  5.4.49 HPLC-chromatograms of the sample “Unguentum Pectoralis”. The TAGs showed a very narrow 
distribution and the degradations products are highly abundant. 
 
 
 
 
 
Figure 5.4.50 Mass spectra of triolein and tripalmitin detected by APCI-MS in Unguentum Pectoralis. 
 
HPLC-ESI-MS-QTOF analysis showed both saturated and unsaturated TAGs. In particular 
the study of the[PP]
+
/[PO]
+
 ratio indicates that both sn-POP and sn-PPO were present in the sample. 
This  is compatible with the use of an animal fat and exclude the use of porcine fats (which contain 
only the PPO isomer, see chapter 2).  
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Figure5.4.51 HPLC-ESI-MS-QTOF chromatogram of “Unguentum Pectoralis” 
 
Table 5.4.30 TAG recognized in “Unguetum Pectoralis” 
TAG Area 
LLL 5785564 
LLM 655220 
LLO 14774210 
LLP 14103981 
PPLn 4485568 
MMO 1596190 
PPL  28270400 
POL 37972090 
LLS 24084051 
MMS 1020852 
PPP 2596881 
SOL 1442203 
POO 56190184 
PPO 45982209 
OOO 42514424 
PPS 1337515 
POS 20899804 
OOS 18863464 
PSS 682197 
OSS 4205395 
SSS 195788 
SLA 952570 
AAA 20276 
 
 
Figure 5.4.52. Detection in “Unguentum Pectoralis” of  an intermediate value for the[PP]/[PO] ratio which indicates 
the presence of both sn-POP and sn-PPO isomers. This is compatible with the presence of an animal fat and exclude the 
presence of porcine fats.  
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Unguentum Friggal 
 
HPLC-ESI-MS-QTOF analysis of “Unguetum Friggal” showed either saturated and unsaturated 
TAGs. In particular this sample showed a preponderance of saturated TAGs, especially if we 
consider the distribution found in the previous described historical ointments. 
 
 
Figure 5.4.53 HPLC-ESI-MS-QTOF chromatogram of  “Unguetum Friggal” 
 
 
 
 
Figure.5.4.54  Detection of sn-PPO isomer in “ Unguetum friggal” indicating the presence of animal fats. 
  
  
  
  
5.5 Conclusions of the chapter 
 
Due to the depositional context, the soluble markers, which could be the major fraction in 
the native materials, are in general  lost in the archaeological samples. Thus, the more pertinent 
information can be obtained from the neutral and apolar markers which are not (or less) concerned 
by lixiviation.  Among them TAGs, despite they are  a minor component in the archaeological 
TAG Area 
LLL 2139727 
LLM 41741 
LLO 5277153 
LLP 5429834 
PPLn 775710 
PPL 8334300 
POL 13049833 
OLO 7836815 
POO 16666486 
PPO 12034840 
OOO 10750284 
AAL 7477 
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residues, are the most useful  source of information. In fact a thorough identification of the original 
lipid material can be obtained both by comparing the distributions found in the target residue with 
the TAG distribution found in reference materials, both by focusing on the structural characteristic  
of  some TAG chosen as biomarkers. 
The analysis of the historical ointments described in this chapter represents a very nice 
example and supports these considerations. In fact the profiling of TAGs by LC-MS  proved to be 
very precise approach for the identification of the original source of a lipid residues, whereas other 
analytical techniques gave only a partial identification. In fact IR and NMR spectroscopy gave only 
general information about the presence of the main functional groups related to glycerolipids ( C=O 
carbonyl by IR, peaks related to TAGs, DAGs, MAGs and free fatty acids by NMR) 
GC-MS, despite is still the more employed approach in the study of lipid material, showed  
the severe limitations discussed in the introduction of this thesis. In particular, the information 
related to the original material is oversimplified due to the decomposition of TAG in their fatty acid 
constituents. In fact, fatty acids are pretty ubiquitous because used as same building blocks among 
several different organisms whereas they could be observed linked in a specific TAG only in a 
specific organism (hence TAG retain characteristic information that might be lost after 
derivatization). Only by the concomitant research of sterols and cholesterol, fatty acids profile by 
GC-MS can provide a clear distinction between  animal and plant oils. However these marker are 
not easy to found in archaeological sample due to their low concentration in the residues and 
possible contaminations.  
Overall, the information provided by LC-MS was in substantial agreement with the results 
obtained by the application of the most common analytical techniques used in archaeometry.  
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6 Analysis of lipids residue in Archaeological sample by Infusion ESI-MS,  LC-
APCI-MS and LC-ESI-MS-QTOF. Ancient Egyptian Khol from Assiut 
 
6.1 Introduction 
 
In the previous chapter we proved that by profiling TAG with LC-APCI-MS and LC-ESI-
MS-QToF was possible to provide reliable results for the recognition of the original materials in 
organic residues found in historical pottery. In this chapter are reported the results obtained by 
applying the same methodology to very ancient residues which were sampled from ceramic conical 
vessels preserved in the Museum of Egyptian Antiquity of Turin. These vessels having the well 
recognized shape of kohl container, were discovered by Ernesto Schiaparelli in an excavation 
campaign between 1911 and 1913 in the ancient cities of Assiut and Gebelein (Egypt Middle 
Kingdom). 
 
 
Figura 6.1.1.  Ceramic conical vessel from  the ancient Egyptian cities of Assiut and  Gebelein (Schiaparelli 
excavation). Courtesy of Museum of Egyptian Antiquity of Turin, Superintendent Marina Sapelli Ragni. 
 
The sample represent one of the exceptional cases in which there is the opportunity to study 
an ancient vessel still containing its original content. Despite these archaeological objects refer to a 
very ancient time, a lot of information regarding their use as khol containers and the Egyptian eye-
panting practice are available. Thanks to the application of soft ionization analytical techniques it 
was possible confirm and/or enlarge the body of knowledge regarding the eye panting practice, and 
its relation with the cultural aspects of the life in the Ancient Egypt 
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6.2 Cosmetics in the ancient Egypt 
 
In the Ancient Egypt cosmetics were widely used for both decorative and therapeutic 
reasons. They included principally scented oils, ointments, face- and eye-paints.
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In particular, eye-painting was very common  and its origins date back to prehistoric times. 
Both man and woman used to apply eye-painting everyday not only for beauty purposes, but also to 
avoid eye-diseases. The importance of these cosmetics in social and religious life as well for 
afterlife is the reason why the related containers are often present in burial equipment. 
Recent studies indicates that two were the most used eye-painting products: a green one, 
made of malachite and a black one, called nowadays by the Arabic word kohl, in which the main 
ingredient was galena.
122 
Other inorganic constituent, mainly lead compounds designed to modify 
the shade of the cosmetic such as cerussite,  laurionite and phosgenite, were present in small 
amount, all grounded into a fine powder.
124
  Some authors suggest that the preparation involved 
also artificially synthetic procedure based on “wet chemistry”, which was probably in the technical 
know-how of the ancient Egypt together with the fire-based production technology of blue 
pigments.
125
 Analogy between the current material science achievements and the chemistry used in 
the Egyptian times for blackening the air without affecting the hair mechanical properties were also 
highlighted.
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Thus, the chemistry employed can be considered only apparently simple. Mixing operation 
of PbO and NaCl powders in carbonate-free water were the most important part of the procedures. 
Overall, the process was rather difficult and time consuming because many repetitive operations, 
carried out using  rudimental equipment (pestles, palettes, bowls) were needed.
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The inorganic mixtures were therefore mixed with oil or fat of different origin in order to 
obtain the creamy substances. Several differently shaped containers were used to carry the product 
when formed: small linen or leather bags, shells, reeds, little bottles and jars or special kohl tubes.  
Finally, small sticks were employed for the application on the eyes. 
Translations of Egyptian papyri indicates that many different recipes were available for 
treating different problems such as eyelids, iris, trachoma and conjunctivitis. Specific eye-paint 
were suggested for kept away small flies transmitting eye-diseases. It is not clear if Egyptians know 
the connection of these insects with the trachoma disease, surely they were unaware of the lead 
poisoning properties.
125
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The different formulations were obtained by using  different proportions of the mineral 
components and by the addition of different lipid ingredients. Medical indication were used also to 
distinguish also between preparations which can be adopted only during specific season.  
6.3 Analysis of the samples from the Assiut site 
 
Amorphous residues were sampled by researchers of the University of Turin (Luca Vigna, 
Oscar Chiantore and Chiara Riedo)
127
 from nine ceramic conical vessels conserved in the  Museum 
of Egyptian Antiquity of Turin. The details of the sampling procedure are given in table 5.3.1 
  
  
Table 6.3.1 List of the Egyptian conical vessel residues analyzed 
Code Description Vessel ID Figure 
3 Inner material sampled from the vessel P895 6.1.1 
3d Inner dark material sampled from the vessel P895 - 
4 Inner material sampled from the vessel (near the mummy) - - 
4b Inner material sampled from the vessel (near the mummy) - 6.3.1 
4c Outer material sampled from the vessel (near the mummy) - - 
5 Inner material sampled from the vessel P258 6.3.10 
7b Dust abtracted from the inside of the vessel  S13074 6.1.1 
8 Inner material sampled from the vessel S13075 6.3.17 
10 Inner material sampled from the vessel Vessel L 6.1.1 
11 Inner material sampled from the vessel (alabaster  vessel) Vessel D 6.1.1 
12c Inner material sampled from the sealed vessel near the 
mummy 
- 6.3.21 
 
Due to the scarcity of the sample few milligrams were submitted to different analytical 
laboratories for different determinations, comprising of GC-MS, Py-GC-MS, FTIR, Raman 
Spectroscopy, LC-APCI-MS and LC-ESI-MS-QToF. Regarding the LC-MS analysis, the lipid 
extraction and TAG detection procedures employed were the same described in chapter 2.  
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Figura 6.3.1.  Sampling procedure of 4b . Courtesy of Prof Oscar Chiantore, University of Turin 
 
 
Sample 3 
 
In sample 3 high level of triolein (C54:3) and polyunsaturated TAGs were found. This 
suggests the presence of a vegetable oil. The recognition of high level of trilinolein (C54:6) 
indicates that probably the vegetable oil used was not olive oil (trilinolen is high abundant in 
almond, argan, sunflower but it is not found in olive oil, see chapter 3).  No TAGs referable to 
animal adipose fats were detected. 
 
 
 
Figure 6.3.2 TAG found in the Egyptian sample 3 
 
Confirmation of the use of a vegetable oil was also obtained by structural analysis on 
particular TAGs. For instance, the analysis of the  [PP]
+
/[PO]
+
 fragments ratio in the TAG C50:1  
was very close to the reference value of the sn-POP standard. Thus, the presence of a vegetable oil 
was strongly suggested accordingly to the characteristic feature of plant  TAGs which do not show 
palmitic acid in the sn-2 position. 
 
TAG 
Relative 
abbundance (%) 
C54:3 18.9 
C52:2  11.8  
C54:4  9.0 
C52:3  8.7  
C54:6  7.1  
C50:1  4.8  
C50:2  4.2  
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Figure 6.3.3  [PO]
+
/[PP]
+ 
fragment ratio relative to the recognition  sn-POP positional isomer in the Egyptian sample 3 
 
The absence of palmitic acid in the sn-2 position were observed also in other TAGs such as in the 
case of POO (C52:2). 
 
 
 
Figure 6.3.4  [PO]
+
/[OO]
+ 
fragment ratio relative to the recognition  sn-POO positional isomer in the Egyptian sample 
3. It can be noticed the signal at m/z 575.52 related to the presence of the fragment [PL]
+ 
of PSL. 
 
 
 
 
Figure 6.3.5  [PO]
+
/[OO]
+ 
fragment ratio relative to the recognition  sn-POO positional isomer in olive oil 
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Thanks to the clear compositional features available in this case and the unambiguous 
structural indication of the presence of a sole vegetable oil, attempts to identify more specific the 
original plant used as ingredients can be made. In particular the high level of triolein, linolein and 
highly saturated TAGs suggested that the oil was probably almond oil, safflower oil or a mixture of 
them. Noteworthy, several authors indicates that these oils were used for daily cosmetic practices 
since the Eleventh Dynasty.
128
 
 
Sample 4b 
 
Sample 4b was analyzed by HPLC-APCI-MS. Many peaks corresponding to hydrolytic 
degradation products of TAG were identified. High level of tripalmitin and triolein were also 
detected. The presence of POS and PPS, which are typical of animal fats, in conjunction with the 
very low level of tristearin indicated the presence of an animal fat whit a non  ovine origin (ovine 
have in general high level of tristerin and shows odd TAGs). 
129
 
 
 
 
 
Figure 6.3.6  Total ion chromatogram (TIC) and multi ion extracted chromatogram (MIC) obtained from the 
HPLC-APCI-MS analysis of the Egyptian sample 4b. As can be seen in the TIC chromatogram the major part of the 
signal is relative to degradation products. 
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Figure 6.3.7   TAG distribution in the Egyptian sample 4b 
 
 
Figure 6.3.8  Mass spectra of PPS obtained by HPLC-APCI-MS from the Egyptian sample 4b. 
 
Figure 6.3.9  Mass spectra of POS obtained by HPLC-APCI-MS from the Egyptian sample 4b. Note the presence of the 
three MAG fragments formed by palmitic, oleic and steric acid at m/z 313, 339 and 341 respectively. 
 
 
Sample 5 
 
The HPLC-APCI-MS chromatogram of the residue found in sample 5 (figure 6.3.9)  showed 
a TAG/TIC ratio surprisingly close to the values found in fresh oils (figure 6.3.10). Thus, this 
4b
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sample must be considered very well preserved, despite it is 4000 years old. In order to explain this 
extraordinary high concentration of not degraded TAGs , it can be also hypothesized that leaching 
in the burial environment had some selective effect, by removing the polar fraction of the residue 
and by concentrating the apolar residue. 
 
Figure 6.3.10.  Sample 5 . Courtesy of Museum of Egyptian Antiquity of Turin. Superintendent Marina Sapelli Ragni 
 
TAG distribution showed  very high level of triolein and the presence of tripalmitin. 
 Moreover TAGs which are typical of animal fats were detected  (POS and SSS).  
 
 
 
Figure 6.3.11 Total ion chromatogram (TIC) and multi ion extracted chromatogram (MIC) obtained from the 
HPLC-APCI-MS analysis of the Egyptian sample 5. As can be seen in the TIC chromatogram the major part of the 
signal is relative to degradation products. 
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Figure 6.3.12  Mass spectra of POS obtained by HPLC-APCI-MS from the Egyptian sample 5. 
 
 
The same TAGs observed with HPLC-APCI-MS were found by HPLC-ESI-MS-QToF 
analysis. Only tristearin was not detected by HPLC-ESI-MS-QToF, probably because, as already 
discussed in chapter 3, ESI-QToF detection is less sensitive to saturated TAGs than APCI-MS 
detection. On the other hand, some unsaturated TAGs containing linoleic acid detected by  ESI- 
QTOF gave very low signals in APCI-MS. 
 
Figure 6.3.13  TAG distribution obtained by HPLC-APCI-MS from the Egyptian sample 5 
 
  
Overall, the presence of unsatured TAGs and high level of triolein detected by both the 
techniques suggest that a vegetable oil was used for the formulation and probably it wasn’t olive oil. 
In addition, and TAGs which are  normally related to animal adipose fats were detected, such as 
POP, POS, PPS MPO and SSS (only by APCI-MS as already metioned). Hence a animal fat was 
used in conjunction to the vegetable oil for the preparation of this cosmetic, and because the 
presence of odd TAGs and tristerain a ruminant origin can be hypothesized.  
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Figure 6.3.14  TAG distribution obtained by HPLC-ESI-MS-QTOF from the Egyptian sample 5 
 
 
 
 
 
Sample 7b  
 
Also in sample 7 the presence of high level of monounsaturated and polyunsaturated TAGs  
suggest the use of a vegetable oil as lipid base for the preparation of the eye-paint. The presence of 
tripalmitin and trilinolein indicates that probably this vegetable oil wasn’t olive oil .  
 
  
 
 
Figure 6.3.15   TAG distribution obtained by HPLC-ESI-MS-QTOF from the Egyptian sample 7 
 
 
TAG 
Relative 
abbundance (%) 
C54:3 32.0 
C54:4 13.9 
C52:3 11.4 
C54:6 8.4 
C50:1 5.6 
C50:2 5.1 
C52:1 3.9 
C48:1 2.3 
C54:7 1.2 
C48 1.0 
C51:1 0.9 
C54:5 0.8 
TAG 
Relative  
abbundance (%) 
C52:2 17.1 
C54:3 14.7 
C50:1 7.9 
C52:3 7.7 
C50:2 7.5 
C52:1 6.4 
C48:1 4.8 
C48:2 3.7 
C54:4 3.7 
C46:1 3.2 
C47:1 2.3 
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Some TAGs which are typical of animal fats were also detected  (POS, POL and POP) and 
odd TAGs suggesting the presence of a fatty substance of bovine origin. Presence of animal fat was 
also confirmed by structural analysis of TAG containing palmitic acid (Figure 5.3.6) 
 
 
Figure 6.3.16  [PO]
+
/[OO]
+ 
fragment ratio relative to the recognition  sn-POO positional isomer in Egyptian Sample 7 
 
 
 
 
 
Sample 8   
 
 
Also in sample 8 high level of triolein and trilonein were found. The fact that the same TAG 
were found in sample 3 and 8 and in similar relative abundance suggest that maybe the same 
vegetable oil was used for the formulation of the corresponding  eye-paints. 
 
 
 
 
Figure 6.3.17   TAG distribution obtained by HPLC-ESI-MS-QTOF from the Egyptian sample 8 
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The [PP]+/[PO]+ fragments ratio was in this case different from the typical values found in 
the sn-POP standard therefore a vegetable oil was probably amixed with an animal fats. 
 
 
 
Sample 11 
 
 
Sample 11 was analyzed by HPLC-APCI-MS. The identification of high level of triolein 
and monounsaturated TAGs suggested the presence of a vegetable oil. In this particular case  
because no triolinolein and tripalmitin were detected, whereas triolein was highly abundant, 
probably olive oil  was the main ingredient used for its preparation. The presence of saturated TAGs 
related to adipose animal fats, such as tristerin and PSS and SSS, suggested that the oil was 
admixed with an animal fat, and due to the presence of odd number TAGs probably a ruminant fat. 
Many peaks which can be related to degradation products of TAGa (oxidized  and hydrolized ) were 
also identified in the chromatogram. However the ionic current corresponding to TAG was 
relatively higher, indicating that the degradation process was partial. 
 
 
 
 
 
Figure 6.3.18  Total ion chromatogram (TIC) and multi ion extracted chromatogram (MIC) obtained from the HPLC-
APCI-MS analysis of the Egyptian sample 5. As can be seen in the TIC chromatogram the major part of the signal is 
relative to degradation products 
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Figure 6.3.19   TAG distribution in the Egyptian sample 11 
 
 
 
Figure 6.3.20  Mass spectra of PSS obtained by HPLC-APCI-MS from the Egyptian sample 11.  
 
Sample 12 
 
Sample 12 was  particular interesting because it was preserved in a sealed container, hence it 
represent an extraordinary occasion to have a direct connection to the past. Analysis was carried out 
by HPLC-ESI-MS-QTOF. The TAG distribution found was compatible with the presence of a 
animal fat due to predominance of saturated TAGs (C48:0, C50:0 and C52:0).  
 
 
 
Figure 6.3.21.  Sample 12 . Courtesy of Museum of Egyptian Antiquity  
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This hypothesis was also confirmed by the presence of the sn-PPO isomer, which was detected as 
the higher abundant positional isomer (the value found for the PP/PO fragment ratio was closed to 
the value reported in literature for the sn-PPO isomer which is in general found in animal adipose 
fats).  The coincidence of the different shape of the vessel and its particular continent is under 
investigation by the Egyptologist of the Museum of Egyptian Antiquity of Turin. 
 
 
Figure 6.3.22   found  by HPLC-ESI-MS-QTOF in the Egyptian sample 12 
 
 
6.4 Conclusions of the chapter 
 
The possibility to found TAGs in very ancient archaeological remains represent an 
extraordinary source of information, completing the hypothesis formulated by archaeologists about 
the use of materials along ages. Through this evidence is possible open the view to the past and 
know the way of living and the history of ancient societies.  
The residues describes in this chapter come from the same archaeological site and belongs to 
the same class of  vessels, which are known to be related to the ancient Egyptian eye-painting 
practice. The TAGs distribution found in the analyzed samples indicates that different mixture of oil 
were employed to prepare the lipid base of these cosmetics. This analytical observation is in 
agreement with the information provided by ancient papyri, describing the procedure adopted in the 
Egyptian society to prepare eye-paintings.  In particular, only for the sample 3 it was possible 
hypothesize the exclusive use of a vegetable oil, without the addition of any other fatty material. 
This was possible thanks to the detection of a very distinctive TAG composition and a structural 
criterion: the absence of palmitic acid in the sn-2 position of the TAGs detected. Differently, in 
sample 5,7 and 8 the presence of saturated TAG and highly unsaturated TAGs, and the particular 
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presence of odd TAGs suggest that probably a mixture was obtained by mixing a vegetable oil with 
an adipose fat of ruminant animal origin. Finally the distribution found in sample 12 indicates very 
precisely the presence of a porcine fat due to presence of saturated TAGs,  the absence of odd 
TAGs (ruminant fats must be discarded) and the appearance of  the sole sn-PPO isomer. This was 
particularly interesting because there is a divided speculation about the use of pork in the ancient 
Egyptian society. In fact, Greek Herodotus reports that “pig was accounted by the Egyptians an 
abominable animal “ however there are evidence that it was bred and used since the Predynastic 
times. 
In summary, the result presented in this chapter showed that the application of soft 
ionization mass spectrometry techniques for the detection of TAGs  represent a reliable approach 
also in the study of extraordinary import archaeological records. 
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7.  Beeswax in the past. Investigation by Soft Ionization- Mass Spectrometry 
techniques of beehive remains in the Forcello (510- 490 B.C.) Etruscan site. 
 
7.1 Introduction 
 
Honeycomb remains and archaeological records which can unambiguously prove 
beekeeping practice in the very past are rare. This is in contrast with the bibliographic evidences 
that honey and beeswax were used since very remote time. In fact, apiculture is described by 
various Greek and Roman authors who sometimes include a detailed description of the hives such 
as in the case of “Georgiche” of Virgilio (data), “De Agriculture” of Columella, (data),; “Opus 
Agriculturae” of Palladio and “De Re Rustica” of  Varrone. Moreover, beeswax  residues have 
been reported in several archaeological ceramics found in different regions and dated to different 
periods.  This discrepancy was explained to the fragility of beehives installation and they probably 
location outside settlements.
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Thanks to the bibliographic source, we know that honey was used since ancient time as food 
and cosmetic, whereas beeswax was involved in various application for preparing medicines, 
cosmetics, insect repellents, sealants, waterproofing agents, adhesives, fuels for illumination,  and in 
particular in the ancient metallurgy. 
Tel Rehov (Israel, Iron Age), is the only archaeological site which display clearly evidences 
of the beekeeping practice, which can be dated prior to the Hellenistic period.
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Other archaeological site mainly located in Greece like Isthmia and Vari showed only not 
direct evidence of the beekeeping practice: because clay vessels containing residues of beeswax 
were found in these and other connected Greek sites,
132
 archaeologist suggest that they were 
probably important production centres of honey and beeswax. 
In this chapter are reported the results of an investigation carried out on residues found in 
the Italian archaeological site of Forcello (510-495/490 B.C.), in which an intriguing unearthed 
installation is thought to be the first evidence of beekeeping practices by Etruscan.
 
 
 
7.2 Characterisation of archaeological beeswax 
 
Honey and beeswax have been used since ancient time and contributed to development of 
the human societies.  For a strictly chemical point of view, honey contains about 200 substances but 
its relative biomarkers have rarely been reported in archaeological contexts. This can be attributed 
to their high susceptibility to degradation under common environmental conditions. 
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 Contrarily, biomarkers of beeswax are very stable and resistant to degradation processes (in 
some cases also more than lipids); therefore, they have been detected in many archaeological 
contexts.
133
 Moreover,  their stability can be enhanced over time by fired clay, which act as a 
molecular trap during vessel use and burial. 
Fresh beeswax is composed of a wide range of chemical components including saturated 
and unsaturated n-alkanes, long-chain wax monoesters, diesters, hydroxyesters, fatty acids, and 
other minor constituents, such as flavonoids.
134
 In general, it shows a white color, but when it 
contain contaminants it can also display dark colours. Contaminants may be materials carried by 
bees  or related to bee’s body parts. Alteration in colour may be also related to metals interacting 
from various sources. 
Beeswax it commonly found as residue, absorbed into porous matrix of ceramic, or as 
surface deposit, which is in general aged or carbonized.
135
  Its chemical composition is 
characterized by long chain saturated wax monoesters with even-numbered carbon atoms ranging 
from 40 to 52 derived from palmitic acid (16:0), long-chain n-alkanes with odd-numbered carbon 
atoms ranging from 21 to 33 (C27 the most abundant) and long-chain saturated fatty acids with 
even-numbered carbon atoms ranging from 22 to 34.  
In archaeological beeswax extracts, fatty acids are partially depleted
136
 by hydrolytic 
degradation and n-alcohols (which are commonly present in fresh beeswax at very low levels, ppm) 
become the major components.
137
 Also the relative abundances of hydroxyl-esters is used to 
increase, due to oxidation reactions affecting the wax esters present in the fresh materials. Finally, 
presence of phenolic compounds can provide evidence that beeswax was subjected to significant 
heating at temperatures higher than 60 °C which cause also thermal transformation of natural 
flavonoids.
138
 
 
 
7.3  Descritption of Forcello Archalogical site  
 
The Forcello  Etruscan settlement (Forcello- Bagnolo San Vito- Mantova-Italy,16 m a.s.l., 
45˚06’36’’ N, 10˚50’06’’ E) was located in the Po basin between Alp and Appenine chains in 
northern Italy. Stratigraphic investigations revealed that the settlement occupied a hill on the shore 
of a lake (figure 7.3.1).
138
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Figure 7.3.1  The Forcello archaeological site location, courtesy of Anthus Markes collection
139
 
 
 
The site acted as a fluvial harbour, connecting trades between the eastern Mediterranean 
Basin and continental Europe. The harbour was founded in 540 BC and abandoned suddenly about 
390 BC.
140
 Mention of an ancient pond along the lower valley of the Mincio River close to Mantova 
is given in the 3rd century BC by the classical author Livio (Livio, liber XXIV), and in the 1st 
century BC by Servio (Servio, Commentarii ad eclogue IX). 
Archaeological excavation on the site (1999-2009) revealed an installation (R,S-17,18)  of 
160 square meters in which were present nine houses (A, B, C, D, F, G, I) and two point probably 
dedicated to manufacturing activities ( E, H).  
Because the material originally employed for building the houses was wood, a fire destroyed 
the houses F. At a later stage  the site was recovered with silt and this caused a very good 
conservation and allowed a very precise dating based on the materials recovered in the site (510-
495/490 B.C.) The beehives object of the present study were found in the  house F, divide in two 
sectors F1 and F2, (510- 495/490 B.C.). 
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Figure 7.3.2 Forcello Archaelogical site map. Planimetry of house F 
 
 
 
The area of  the house F2 was 97 mq and have 3 different compartments.  In the first 
compartment a large number of ceramics and their Etruscan origin easily identified.  Due to the fact 
that in this house was very small and no fireside was present the archaeologist suggested that it was 
used as warehouse. The second compartment, located in the centre of the house, showed a large 
fireside and a large number of archaeological residues and items also. In particular a mill, pottery 
and amphoraes were recovered. Due to the presence of various kitchen items archaeologist 
indicated the compartment as a kitchen. The third compartment had an un common structure and 
was the focus of the present investigation. In this compartment no fireplace were recovered but in 
its centre a huge hole showed the evidence of a fire. Here a huge amount of coral and looms were 
recovered.  
The materials evidencing the beekeeping practice in this house were: 
* Apis mellifera remains such as heads, bodies, paws  (fig. 6, 7, 13, 16, 17, 18) 
* Honeycomb remains spread in a precise area of the house 
* An amourphous organic residue embedding the body remains of the insects. material appeared as 
dark and shiny and it was probably made of sugars mixed with other material from bees and 
honeycombs.  
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*  
Remains of spruce, charred  and with clear evidence that it was h was previously carved and 
embellished. These remains were recovered in conjunction with the amorphous organic residue and 
in an organized fashion. 
* Remains of Quercus spp. and  Fraxinus along the boundary of the house, indicating their use for 
building purpose. 
 
All the materials connected to the beehives were observed by stereomicroscopy  (Leica MZ8) and 
with episcopic/diascopic illumination (Zeiss Axio Scope A.1) by researchers of  CNR-INDPA and 
University of Milano Bicocca.  
 
 
 
 
 
Figure 7.3.3 Amorphous organic materials embedding  body rest of Apis Mellifera found in the house F of the Forcello 
Archaeological site (optical microscope imagines) 
 
 
 
 
 
 
 
 
Fig.7.3.4: Fossil material recovered in the house F4 of the Forcello archaeological site, compared with reference fresh 
materials 
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7.4 Analytical identification of degraded beeswax in the residues 
 
 
Analysis were carried out on three different types of material by infusion ESI-MS. In 
particular we analyzed the amorphous organic residue embedding the body remains of the insects, 
probably made of sugars mixed with other material; a carbonized residues which was probably the 
beeswax preserved in the honeycomb; the pottery and ceramics surrounding the working site.  
As reference material we used fresh beeswax and honeycomb provided by a local producer 
(Bergamo, Italy). Mass spectra showed  signals relative to the presence of monoesters, diesters,  and 
hydroxylated esters. In particular, a main sequence  having a mass distance of 44 a.m.u was 
identified  (m/z 430-474-518-562-606-650-694) . Most of these masses showed the corresponding 
+28 a.m.u ions which might correspond to an elongation in the acyl chain of the wax ester of two 
methylenic groups 
 
 
Figure 7.4.1 ESI-MS infusion of aged beeswax. Monoesters, diesters and hydroxylated esters were identified  
 
 
 
Figure 7.4.2 ESI-MS infusion of fresh beeswax.  Monoesters, diesters and hydroxylated esters were identified  
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The archaeological samples which was thought to be rest of beehive showed a very low 
signal to noise ratio, probably related to the highly carbonized matrix. However, also in this case 
some peaks  which can be related to beeswax were detected. 
 
 
Figure 7.4.3 ESI-MS infusion of the rest of beehive.  Very low S/N. Some monoesters, diesters,  and hydroxylated 
esters  signal were identified 
 
 
Around the room displaying the beehive remains, a consistent amount of ceramics was also 
found. Analysis of the organic residues entrapped in these ceramics showed mass distributions  
resembling the mass distribution found in beeswax.  In particular, two different series characterized 
by a mass distance of 44 a.m.u and  28 a.m.u were identified. The first included  m/z  values of 412, 
456, 500 and 544. The second, m/z 532, 576 and 620. The difference of 44 a.m.u can be explained 
by adding two CH2 groups and an hyroxyl group. The 28 a.m.u difference found in several couple 
of mass peaks (518-546; 578-606; 622-650; 666-694; 712-740) might correspond to two methylenic 
groups of a prolonged acyl chain in a C40-C60 wax ester. In particular sample R18e17cer showed a 
signal at m/z 723 which is compatible with a C48 hydroxymonoester  and signals at m/z 456 and 
484 which are compatible with C58 and C64 hydroxydiesteres . 
 
  
Figure 7.4.5 ESI-MS infusion of sampleR18e17cer.  Some monoesters, diesters,  and hydroxylated esters  signal were 
identified 
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Figure 7.4.6 ESI-MS infusion of sample R18a16con  .  Some monoesters, diesters, and hydroxylated esters signal were 
identified 
 
 
The mass profiles of ceramics R18E16CER and R18a15con were also similar showing the same 
main masses 
 
 
 
  
Figure 7.4.7 ESI-MS infusion of sample R18E16CER.  Some monoesters, diesters,  and hydroxylated esters  signal 
were identified 
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Figure 7.4.8 ESI-MS infusion of sample  R18a15conv .  Some monoesters, diesters,  and hydroxylated esters  signal 
were identified 
 
 
 
7.5 Conclusions of the chapter 
 
Despite the wide description provided by bibliographic sources of beekeeping practices 
since very remote age, beehives are very rarely found as archaeological records. In fact, no remains 
of beehives which can be ascribed prior to the Hellenistic period are known. This is probably due to 
their structural fragility and the use of locate them outside settlements. Under this light, these 
preliminary results of the investigation on the Forcello archaeological site have a great importance 
and probably are the evidence of the first discovery of an Etruscan site in the Italian peninsula 
dedicated to the beekeeping practices.  
Organic residues embedding body remains of bees were sampled from one house of the 
settlement in which many evidences suggest the presence of a beehive and an important production 
of waxes. For an analytical point of view the close similarity of the  masses distribution found in 
these residues and the mass distribution found in modern beehive reference materials seems to 
validate the archaeological hypothesis. Further investigations are currently underway also with 
other analytical techniques (mainly GC-MS after trimethylsilylation)  
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8. Multivariate statistical analysis on TAG distributions. Similarity analysis and  
identification of the original lipid material. 
 
8.1  Introduction 
 
In this chapter multivariate statistical analysis were applied on the TAGs distribution, 
obtained by the analysis of the reference and archaeological materials described in the previous 
chapters. The aim was to  find new criteria based on TAG distribution analysis for identifying the 
original material in archaeological residues. 
Classification of lipid remains is in general performed using similarity as key concept. The 
main reason, as discussed in the previous sections, is close relationship between  specific TAGs or 
TAG distribution and the natural origin of the materials. For the best of our knowledge, there are 
still not available examples in the literature of the application of multivariate statistical analysis for 
evaluating the similarities between TAG distributions found in archaeological residues. Probably 
this is due to the difficulties in this approach, related to the complexity of the original material and 
the heterogeneity of the composition, altered by contamination and  ageing.   
In this context, principal component analysis (PCA)
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 has the advantage, in respect to 
simple binary comparisons, of maximizing the differentiation between samples and show natural 
aggregation without making any assumption “a priori” on the class off membership. 
It is also correct assuming that the TAGs are variables which are in some way correlated, 
because they are formed through biosynthetic pathways involving different living organism at 
different trophic levels. Thus, thanks to PCA is possible to find the TAGs that exert a larger 
influence in the characterization of the samples and to represent a n-dimensional data structure in a 
smaller number of dimensions. Moreover, thanks to the modern data analysis software is possible to 
build an initial dataset that can be steadily extended and optimized.  
 
8.2  Description of the Data Matrix 
 
The data matrix used as input for the multivariate statistical analyses was set up using the 
data relative to TAG distribution of all the samples described in the previous chapters. Natural 
materials were used as  references for performing comparisons with the archaeological residues. 
TAGs were researched in the chromatograms by using MassHunter® Workstation Software 
(Agilent, USA) as sodiate adduct ions. Formula matching under 10ppm tolerance was set up in the 
“Find by Formula” algorithms provided by the software. The limit extraction range was 1.5min and 
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the area filter was 500 counts. Formula having an isotopic pattern score less than 25% were 
discarded. The relative abundances of the identified TAGs were calculated on the integrated peak 
areas under the [M + Na]
+
 extracted ions and normalized to 100%. As formula source we used a 
database comprising of more than 500 molecular formula of TAGs (Appendix I) generated by 
considering all the possible combinations of carbon numbers and  double bonds (see Chapter 2). 
Multivariate statistical analysis were carried out on the correlation matrix of the data 
(Appendix II), using the software Xlstat2007 (Addinsoft, France) for calculations. A code and a 
class corresponding to the natural classification were assigned to each material (Table 8.2.1). 
 
Table 8.2.1 Reference sample used as observation and submitted to multivariate statistical analysis 
CODE NAME CLASS COLOR  used for 
indicating the class  
A Duck ANIMAL Violet 
B Beef ANIMAL Violet 
C Pork ANIMAL Violet 
D Rabbit ANIMAL Violet 
E Hop PLANT Green 
F Palm PLANT Green 
G Lamb ANIMAL Violet 
H Guinea Flow ANIMAL Violet 
I Almond PLANT Green 
L Olive A PLANT Yellow 
M Olive B PLANT Yellow 
N Olive C PLANT Yellow 
O Olive PLANT Yellow 
P SUNFLOWER PLANT Green 
Q Soy PLANT Green 
R Poppy PLANT Green 
S Walnut PLANT Green 
T Safflower PLANT Green 
U Linseed PLANT Green 
 
8.3 Hierarchical cluster analysis on LC-ESI-MS-QToF data 
 
Hierarchical cluster analyses carried out by using as input data the TAG distributions  of the 
naturals materials (obtained by LC-ESI-MS-QTof), gave very interesting results. Data were 
previously scaled by using the centered log-ratio transformation. Two different approaches were 
used for assembling the data along the hierarchical trees (figure 8.3.1). In the first approach, the 
Euclidean distances were used as dissimilarity index. Ward method was used as linkage criterion.  
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In the second approach, UPGMA linkage were performed by using the Spearman 
dissimilarity index. Noteworthy, the clustering obtained with this approach showed two main 
groups which resembled the  natural distinction of the materials (animal and vegetable). Moreover, 
four different varieties of olive oil were included in the calculation in order to have a check of the 
variance in the same type of material and they resulted interestingly located in very close leaves of 
the Hierarchical tree. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.3.1 Hierarchical clustering analysis of different natural materials based on the TAG distributions detected by 
HPLC-ESI-MS-QToF.  Dendrogram 1 was obtained by using the Euclidean distance as similarity measure an by 
applying the Ward aggregation criterion. The distance is expressed as a percentage of dissimilarity. Dendogram 2 was 
obtained by using the Spearman similarity coefficient. 
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By including in the calculation the archaeological samples (table 8.3.2), the main distinction 
between animal fats and vegetable oils was retained. The archaeological samples were located at the 
vary level of the hierarchical tree on the basis of their similarities with the reference materials. 
 
Table 8.3.2 Residues of historical ointments and archaeological cosmetics used as observation for the multivariate 
statistical analyses. 
 
CODE NAME CLASS 
COLOR  used for 
indicating the class 
5007 “ Althea” Historical ointments residue, 
 Aboca Museum collection 
Red 
50017 “ Populeon” Historical ointments residue,  
Aboca Museum collection 
Red 
50509 “ Rosatum” Historical ointments residue,  
Aboca Museum collection 
Red 
- “ Carcum” Historical ointments residue 
, Aboca Museum collection 
Red 
- “ Pectoralis” Historical ointments residue, 
 Aboca Museum collection 
Red 
- “ Althede” Historical ointments residue,  
Aboca Museum collection 
Red 
- “ Capital” Historical ointments residue, 
 Aboca Museum collection 
Red 
- Friggal Historical ointments residue,  
Aboca Museum collection 
Red 
E3 - Inner residue from khol container,  
Museum of Egyptian antiquity, 
Assiut Schiapparelli excavation 
collection 
 
Black 
E5 - Inner residue from khol container, 
 Museum of Egyptian antiquity, 
Assiut Schiapparelli excavation 
collection 
 
Black 
E7 - Inner residue from khol container,  
Museum of Egyptian antiquity, 
Assiut Schiapparelli excavation 
collection 
 
Black 
E8 - Inner residue from khol container,  
Museum of Egyptian antiquity, 
Assiut Schiapparelli excavation 
collection 
 
Black 
E12 - Inner residue from khol container,  
Museum of Egyptian antiquity, 
Assiut Schiapparelli excavation 
collection 
 
Black 
 
In particular the classification trees obtained by using the Spearman dissimilarity index retained at 
the first node the separation between animal fats and vegetable oils 
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Figure 8.3.2 Hierarchical clustering analysis of  the reference materials and the archaeological residues from  the TAG 
distributions data obtained by HPLC-ESI-MS-QToF the Spearman similarity coefficient and the single linkage 
aggregation method.  Interestingly, the separation between animal fats and vegetable oil was retained. 
 
8.4  Principal component analysis on APCI-MS data. 
 
PCA was initially performed on the data collected by APCI-MS. TAG distribution were 
expressed as relative percentages of the intensities of each TAG detected on  the total sum of the 
intensities of all the TAGs detected. A column containing the information relative to the 
[PP]+/[PO]+ fragment ratio in the dipalmitoyl-oleoyl glycerol was also included. Calculations were 
performed on the correlation matrix of the data, using the software Xlstat2007 (Addinsoft, France). 
As first test, we performed the calculation on the data relative to the reference natural 
materials, fresh and submitted to artificial ageing treatments.  
An autoscaling procedure was previously applied. The first two PCs accounted for 75% of 
total variance.  Materials were located in different area of the scatter plot (figure 8.4.1), and 
appeared to be well differentiated by PCA. Olive oil and almond oil samples scored positive values 
of PC1 due to the consistent content of OOO and dioleoyl-linoleoyl glycerol, which had positive 
loadings for PC1. Almond oil samples scored at relatively lower values of PC2 due to the higher 
contribution of LLL. Pig suet samples were well separated from other materials due to the higher 
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PP/PO ratio, the dipalmitoyl-oleoyl glycerol and to the presence of APS. Palm oil was located in the 
upper part of the diagram, for the high content of PPP, loading high on PC2.  
 
 
Figure 8.4.1. Biplot (left) relative to PCA of TAGs data of pure reference materials 2. AL almond, OL olive, PA palm, 
SU pig suet. AL: almond; OL: olive; PA: palm; SU: pig suet. Suffixes indicate artificial ageing treatments: sap: alkaline 
hydrolysis treatment (after 30min); enz: enzymatic treatment; oz: ozonation treatment; t: thermal treatment; n: natural 
ageing. 
 
 
Figure 8.4.2 shows the results obtained when the data relative to reformulated ointments  
were included in the calculations. In this case, the first two PCs account for 63% of the variance. 
The loading plot presents many similarities with the loading plot of the reference materials. The 
reformulated ointments were located in the scatter plot according to their lipid composition, 
demonstrating that, even in mixture with other ingredients, the evaluation of TAGs profile can be 
efficiently exploited for the identification of the lipid source. VIA and VIIA, which both contain 
olive oil as the unique lipid ingredient, were correctly located in the olive oil cluster. The 
formulations IB, IC, IIA and VIB, which only contained pig suet as lipid material, were located in 
the porcine fats cluster. Also IA, which contains 23% pig suet and 2% almond oil, clustered with 
porcine fat samples, probably because the contribution of almond oil to the TAGs distribution was 
not significant with respect to that of pig suet. Finally, the ointments IIIA and IIIB which contain a 
mixture of olive oil and pig suet were located in an intermediate position between the clusters 
represented by the olive oil samples and the porcine samples. Overall, the selected artificial ageing 
treatments do not affect significantly the position of the samples in the scatter plot. However, we 
decided to include in the datamatrix only the results of a short hydrolysis treatment (30 min), 
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because most of the TAGs were not detectable after the complete application of the treatment (4 h) 
and we evaluated potentially misleading the use of the related simplified profiles. 
 
 
Figura 8.4.2 Scatter plot (left) and loading plot (right) relative to PCA of TAGs data of pure reference materials and of reformulated 
ointments: AL almond, OL olive, PA palm, SU pig suet. Suffixes indicate artificial ageing treatments: sap alkaline hydrolysis 
treatment (after 30 min), enz enzymatic treatment, oz ozonation treatment, t thermal treatment, n natural ageing 
 
Figure 8.4.3 shows the PCA results obtained by including  in the calculations the data 
regarding the historical ointments. Samples 50015 and 50007 scored at low values of PC2 for their 
content in tripalmitin which could be related to the presence of palm oil. Sample 50017 scored also 
at low PC2, but in this case, the reason was the extremely high content of tristearin with respect to 
the other samples in the data set. In fact, sample 50017 did not contain tripalmitin. Sample 50023 
clustered in the olive oil area, while sample 50509 was separated from the other historical 
ointments. We took into consideration also a scatter plot of PC3 vs PC1, due to the fact that that 
PC3 contains an amount of variance (15%) comparable to that of PC2 (20%). The sample 50023 
was here again located in the olive oil cluster, while samples 50017, 1a and 1b were located near to 
pig fat samples. Sample 50015 and 50007 were located in an intermediate position in respect of the 
reference materials. 
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Figure 8.4.3  Scatter plot of PC1 and PC2 (left) and relative loading plot (right) for the PCA of TAGs data of pure reference materials, 
reference formulations (Table 1) and historical samples. AL almond, OL olive PA palm, SU pig suet. Suffixes indicate artificial ageing 
treatments: sap alkaline hydrolysis treatment (after 30 min), enz enzymatic treatment, oz ozonation treatment, t thermal treatment 
 
In conclusion, PCA analysis of APCI-MS TAG distribution data allowed a fast and efficient 
comparison of the lipid materials. This approach resulted partially satisfying for the classification of 
the historical samples due to important qualitative difference in the TAG compositions of some 
historical samples compared with the selected reference materials. This indicates that efforts are 
needed to extend the dataset in order to better identify sources of contamination and effects related 
with blending and severe ageing. 
 
8.5  Principal component analysis on ESI-MS-QToF data. 
 
 
Prior to principal component analysis the data were pre-processed by auto-scaling and by 
centered logratio transformation. In the case of the analysis of vegetable oils the first two PCs 
accounted for 53% of total variance. Almond oil and the four varieties of olive oil were located in 
the same area of the scatter plot forming a distinct cluster, near the other vegetable oils. As can be 
seen in the 3D scatter plot of F1,F2 and F3 linseed, hop and safflower must be considered outliers, 
which are located in different positions of the scatter plot and very distant from the other vegetable 
oil cluster. 
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Figure 8.5.1 Scatter plot of F1 and F2 (left) and scatter plot of F1 and F3 (right) obtained by PCA on TAG distribution 
of vegetable oil 
 
 
 
 
Figure 8.5.2 3D plot of F1, F2 and F3 (right) obtained by PCA on TAG distribution of vegetable oil 
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By considering all the reference natural material the cluster relative to the different varieties of olive 
oils was retained. Almond oil and sunflower oil were located very close to this cluster. The other 
vegetable oils and the animal fats didn’t show any cluster aggregation, but beef and lamb appeared 
very closed. Also in this case linseed and safflower must be considered outliers 
 
Figure 8.5.3 Scatter plot of F1 and F2 (left) and scatter plot of F1 and F3 (right) obtained by PCA on TAG distribution 
of the reference natural materials 
 
 
Including also the archaeological materials the scattered plot showed unsatisfactory 
differentiations, such as like as already observed by applying PCA on the APCI-MS data. However 
some cluster aggregations could be identified by considering the 3D scatter plot including F1, F2 
and F3 (figure 8.5.4). In particular olive oils and vegetable oils (depicted with yellow point) formed 
a well defined cluster and some other vegetable oils (sunflower and almond) were located very 
close to this cluster. This allow also an evaluation on the archaeological samples. In particular the 
Egyptian sample 7 resulted located very close to the ruminant fats. 
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Figure 8.5.4 3D plot of F1, F2 and F3 obtained by applying PCA on TAG distributions of reference and archaeological 
materials found by HPLC-ESI-MS-QToF. The scatter plot of the data shows that PCA was not completely successful in 
revealing aggregation groups.  
 
8.6  Conclusion of the chapter 
 
Principal component analysis is an appropriate technique to treat TAGs distribution data 
because the presence of a correlation in TAGs distributions is reasonable (due to their natural 
origin) and reducing the redundant information offer the possibility to see patterns and relationship 
between the different materials.  
The analysis carried out on the reference material dataset showed shortcomings mainly 
related to the presence of outliers in the high dimensional data set. However, some clusters were 
easy recognized and in general they resemble the natural classification of the materials.  
The approach gave partially satisfying results in the classification of the archaeological 
samples. Also in this case the reason was the presence of significant differences in the TAG 
compositions of some samples the presence of outliers. However the application of hierarchical 
clustering provided interesting separations, mainly affected by the choice of the similarity index and 
allowed a thorough comparison between the reference materials and the archaeological samples.  
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9. General conclusions 
 
The chemical analysis of archaeological residues has a tremendous impact in the 
archaeological sciences because provide the most stringent evidences which can corroborate or 
deny an archaeological hypothesis or even an entire historical reconstruction. Hence, continuous 
efforts and collaborative works between different disciplines are needed  to face the challenges and 
provide reliable data.  
Under this light, this work aimed to assess the utility of profiling TAGs in archaeological 
residue by HPLC-MS and HPLC-ESI-MS-QToF. A critical study was undertaken to evaluate the 
different performances of both the ionization techniques and their contribution in indentifying the 
original materials determining the formation of archaeological residue along the ages.  
Therefore optimization of HPLC-MS and HPLC-ESI-MS-QTOF methods was attempted in 
order to face the complexity of the matter under investigation. In particular by, exploiting for the 
first time a LC-MS method based on the use of Poroshell 120 EC-C18 columns (3.0 mm ×50 mm, 
2.7 µm) and high resolution ESI-MS-Q-ToF tandem mass detection, we have been able to obtain 
very good TAGs identification. This allowed the research of a very large number of different TAGs 
in the samples and an unprecedented precise description of the lipid profiles of archaeological 
materials. 
 By a comparative analysis among data regarding reference materials and archaeological 
samples (especially ancient pharmaceutical and cosmetic preparations) we have demonstrated that 
the surviving  TAGs can provide significant diagnostic information for identifying the original 
material used in the past. Moreover, data enabled the recognition of the processing technology used 
for the preparation of the materials and the aging processes affecting the materials along the ages. 
Overall, the study of the entire experimental dataset represent a new understanding of ancient 
cosmetic technology and the analytical strategies for lipid residues characterization.  
If GC-MS, HT-GC-MS and common spectroscopic techniques (IR, Raman) enabled in a 
single analysis the characterization of various classes of molecules (fatty acids, waxes, 
hydrocarbons, sterols and steroids, etc.), only the identification of TAGs and  waxes was achievable 
in the same by LC-MS  chromatographic run. On the other hand, spectroscopic techniques gave 
poor indications about the identity of the remains and GC-MS was limited to the identification of 
fatty acids, which potentially resulted in the loss of important diagnostic information. 
This was very clear by considering the reference materials, in which the relative ubiquity of 
most fatty acid species is immediately recognizable from the dataset.  
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By contrast, TAGs detected by soft ionization methods represented a very large and 
divergent dataset which allowed very precise distinction between materials even when they were 
altered by aging, processing and contaminations.  
In particular, aging experiments showed the absence of significant inter-conversion 
phenomena between TAGs, which enabled the use of them for the diagnosis of archaeological 
residues. In addition, we have proposed the use of structural criteria to confirm the identification of 
the original sources. The  sn-POP and sn-PPO isomers ratio was used to identify porcine adipose 
fats and to have an additional information for the discrimination of vegetable oils and animal fats. 
These criteria must be considered very robust because they were not affected by selective leaching 
or oxidation. 
The study showed also a substantial agreement among the results provided by the two soft 
ionization methods, and also among the results provided by other analytical techniques usually 
employed for archaeometric determination. APCI-MS and ESI-MS-QToF thanks to their different 
sensitivity against unsaturated TAGs appeared complementary and we decided to use them together 
in order to have the widest description of the samples.  
Results obtained by the chemical analyses on few exceptional archaeological findings were 
also detailed. Well preserved Egyptian make-up powders recovered from the original vessel found 
in the ancient city of Assiut, which resemble the known shape of khol container were studied for the 
first time. The information about the original lipid sources provided by the LC-MS, combined with 
the information about the minerals fraction obtained by Raman spectroscopy and the scented 
additional ingredients retrieved by GC-MS depicted a fascinating view of the technology employed 
by Egyptian for formulating cosmetics and they believes on the properties of the different natural 
substances. Residues retrieved from Etruscan pottery appeared as one of the first archaeological 
evidence of beekeeping practice in the Italian peninsula and suggest the presence of a very complex 
commercial interactions. Analysis of ancient Spanish ointments were used to verify the knowledge 
of the monastic pharmaceutical practices adopted after the renaissance and described in ancient 
bibliographic treatises. 
Finally, PCA analysis carried out on the entire TAGs profile dataset of the references and 
archaeological samples was proved to be a fast and efficient method to compare and differentiate 
the materials. This approach resulted only partially satisfying in the classification of the 
archaeological samples, due to important qualitative difference in the TAG composition of some 
archaeological samples, compared with the selected reference materials. Nice results were instead 
obtained by the application of hierarchical clustering, which provide interesting information by 
positioning the archaeological samples near the more similar reference materials. This indicates that 
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efforts are needed to extend the dataset in order to better identify sources of contamination and 
effects related with blending, contaminations and severe ageing.  
In summary, this study has demonstrated that, thanks to recently introduced technical 
improvement in liquid chromatography stationary phases and high resolution mass detection, 
analysing the TAGs survived in archaeological residues by LC-MS  is a valuable method for 
identifying the original  sources and trough them collect important archaeological evidences. These 
analytical data along with the information provided from the bibliographic source, lead to the 
reconstruction of the origin, use and storage history of the objects under investigation. 
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Appendix I Input TAG list used for performing TAG research in the chromatograms 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Formula Mass [M+NA]
+
 Name 
C23H42O6 396.1572885 419.1572885 9C20 
C24H44O6 400.1885886 423.1885886 7C20 
C25H46O6 402.2042387 425.2042387 6C20 
C26H48O6 404.2198888 427.2198888 5C20 
C27H50O6 404.2198888 427.2198888 8C20 
C28H52O6 406.2355388 429.2355388 4C20 
C29H54O6 408.2511889 431.2511889 3C20 
C30H56O6 410.1729386 433.1729386 9C21 
C31H58O6 410.266839 433.266839 2C20 
C32H60O6 412.282489 435.282489 1C20 
C33H62O6 414.2042387 437.2042387 7C21 
C34H64O6 414.2981391 437.2981391 C20 
C35H66O6 416.2198888 439.2198888 6C21 
C36H68O6 418.2355388 441.2355388 5C21 
C37H70O6 418.2355388 441.2355388 8C21 
C38H72O6 420.2511889 443.2511889 4C21 
C39H74O6 422.266839 445.266839 3C21 
C40H76O6 424.1885886 447.1885886 9C22 
C41H78O6 424.282489 447.282489 2C21 
C42H80O6 426.2981391 449.2981391 1C21 
C43H82O6 428.2198888 451.2198888 7C22 
C44H84O6 428.3137891 451.3137891 C21 
C45H86O6 430.2355388 453.2355388 6C22 
C46H88O6 432.2511889 455.2511889 5C22 
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C47H90O6 432.2511889 455.2511889 8C22 
C48H92O6 434.266839 457.266839 4C22 
C49H94O6 436.282489 459.282489 3C22 
C50H96O6 438.2042387 461.2042387 9C23 
C51H98O6 438.2981391 461.2981391 2C22 
C52H100O6 440.3137891 463.3137891 1C22 
C53H102O6 442.2355388 465.2355388 7C23 
C54H104O6 442.3294392 465.3294392 C22 
C55H106O6 444.2511889 467.2511889 6C23 
C56H108O6 446.266839 469.266839 5C23 
C57H110O6 446.266839 469.266839 8C23 
C58H112O6 448.282489 471.282489 4C23 
C59H114O6 450.2981391 473.2981391 3C23 
C60H116O6 452.2198888 475.2198888 9C24 
C61H118O6 452.3137891 475.3137891 2C23 
C62H120O6 454.3294392 477.3294392 1C23 
C63H122O6 456.2511889 479.2511889 7C24 
C64H124O6 456.3450893 479.3450893 C23 
C65H126O6 458.266839 481.266839 6C24 
C66H128O6 460.282489 483.282489 5C24 
C67H130O6 460.282489 483.282489 8C24 
C68H132O6 462.2981391 485.2981391 4C24 
C69H134O6 464.3137891 487.3137891 3C24 
C70H136O6 466.2355388 489.2355388 9C25 
C71H138O6 466.3294392 489.3294392 2C24 
C72H140O6 466.3294392 489.3294392 2C25 
C73H142O6 468.3450893 491.3450893 1C24 
C23H40O6 470.266839 493.266839 7C25 
C24H42O6 470.3607393 493.3607393 C24 
C25H44O6 472.282489 495.282489 6C25 
C26H46O6 474.2981391 497.2981391 5C25 
C27H48O6 474.2981391 497.2981391 8C25 
C28H50O6 476.3137891 499.3137891 4C25 
C29H52O6 478.3294392 501.3294392 3C25 
C30H54O6 480.2511889 503.2511889 9C26 
C31H56O6 480.3450893 503.3450893 2C26 
C32H58O6 482.3607393 505.3607393 1C25 
C33H60O6 484.282489 507.282489 7C26 
C34H62O6 484.3763894 507.3763894 C25 
C35H64O6 486.2981391 509.2981391 6C26 
C36H66O6 488.3137891 511.3137891 5C26 
C37H68O6 488.3137891 511.3137891 8C26 
C38H70O6 490.3294392 513.3294392 4C26 
C39H72O6 492.3450893 515.3450893 3C26 
C40H74O6 494.266839 517.266839 9C27 
C41H76O6 494.3607393 517.3607393 2C27 
C42H78O6 496.3763894 519.3763894 1C26 
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C43H80O6 498.2981391 521.2981391 7C27 
C44H82O6 498.3920395 521.3920395 C26 
C45H84O6 500.3137891 523.3137891 6C27 
C46H86O6 502.3294392 525.3294392 5C27 
C47H88O6 502.3294392 525.3294392 8C27 
C48H90O6 504.3450893 527.3450893 4C27 
C49H92O6 506.3607393 529.3607393 3C27 
C50H94O6 508.282489 531.282489 9C28 
C51H96O6 508.3763894 531.3763894 2C28 
C52H98O6 510.3920395 533.3920395 1C27 
C53H100O6 512.3137891 535.3137891 7C28 
C54H102O6 512.4076895 535.4076895 C27 
C55H104O6 514.3294392 537.3294392 6C28 
C56H106O6 516.3450893 539.3450893 5C28 
C57H108O6 516.3450893 539.3450893 8C28 
C58H110O6 518.3607393 541.3607393 4C28 
C59H112O6 520.3763894 543.3763894 3C28 
C60H114O6 522.2981391 545.2981391 9C29 
C61H116O6 522.3920395 545.3920395 2C29 
C62H118O6 524.4076895 547.4076895 1C28 
C63H120O6 526.3294392 549.3294392 7C29 
C64H122O6 526.4233396 549.4233396 C28 
C65H124O6 528.3450893 551.3450893 6C29 
C66H126O6 530.3607393 553.3607393 5C29 
C67H128O6 530.3607393 553.3607393 8C29 
C68H130O6 532.3763894 555.3763894 4C29 
C69H132O6 534.3920395 557.3920395 3C29 
C70H134O6 536.3137891 559.3137891 9C30 
C71H136O6 538.4233396 561.4233396 1C29 
C72H138O6 540.3450893 563.3450893 7C30 
C73H140O6 540.4389897 563.4389897 C29 
C23H38O6 542.3607393 565.3607393 6C30 
C24H40O6 544.3763894 567.3763894 5C30 
C25H42O6 544.3763894 567.3763894 8C30 
C26H44O6 546.3920395 569.3920395 4C30 
C27H46O6 548.4076895 571.4076895 3C30 
C27H46O6 550.3294392 573.3294392 9C31 
C28H48O6 550.4233396 573.4233396 2C30 
C29H50O6 552.4389897 575.4389897 1C30 
C30H52O6 554.3607393 577.3607393 7C31 
C31H54O6 554.4546397 577.4546397 C30 
C33H58O6 556.3763894 579.3763894 6C31 
C34H60O6 558.3920395 581.3920395 5C31 
C35H62O6 558.3920395 581.3920395 8C31 
C36H64O6 560.4076895 583.4076895 4C31 
C37H66O6 562.4233396 585.4233396 3C31 
C38H68O6 564.3450893 587.3450893 9C32 
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C39H70O6 564.4389897 587.4389897 2C31 
C40H72O6 566.4546397 589.4546397 1C31 
C41H74O6 568.3763894 591.3763894 7C32 
C42H76O6 568.4702898 591.4702898 C31 
C43H78O6 570.3920395 593.3920395 6C32 
C44H80O6 572.4076895 595.4076895 5C32 
C45H82O6 572.4076895 595.4076895 8C32 
C46H84O6 574.4233396 597.4233396 4C32 
C47H86O6 576.4389897 599.4389897 3C32 
C48H88O6 578.3607393 601.3607393 9C33 
C49H90O6 578.4546397 601.4546397 2C32 
C50H92O6 580.4702898 603.4702898 1C32 
C51H94O6 582.3920395 605.3920395 7C33 
C52H96O6 582.4859399 605.4859399 C32 
C53H98O6 584.4076895 607.4076895 6C33 
C54H100O6 586.4233396 609.4233396 5C33 
C55H102O6 586.4233396 609.4233396 8C33 
C56H104O6 588.4389897 611.4389897 4C33 
C57H106O6 590.4546397 613.4546397 3C33 
C58H108O6 592.3763894 615.3763894 9C34 
C59H110O6 592.4702898 615.4702898 2C33 
C60H112O6 594.4859399 617.4859399 1C33 
C61H114O6 596.4076895 619.4076895 7C34 
C62H116O6 596.5015899 619.5015899 C33 
C63H118O6 598.4233396 621.4233396 6C34 
C64H120O6 600.4389897 623.4389897 5C34 
C65H122O6 600.4389897 623.4389897 8C34 
C66H124O6 602.4546397 625.4546397 4C34 
C67H126O6 604.4702898 627.4702898 3C34 
C68H128O6 606.3920395 629.3920395 9C35 
C69H130O6 606.4859399 629.4859399 2C34 
C70H132O6 608.5015899 631.5015899 1C34 
C71H134O6 610.4233396 633.4233396 7C35 
C72H136O6 610.51724 633.51724 C34 
C73H138O6 612.4389897 635.4389897 6C35 
C23H36O6 614.4546397 637.4546397 5C35 
C24H38O6 614.4546397 637.4546397 8C35 
C25H40O6 616.4702898 639.4702898 4C35 
C26H42O6 618.4859399 641.4859399 3C35 
C27H44O6 620.4076895 643.4076895 9C36 
C28H46O6 620.5015899 643.5015899 2C35 
C29H48O6 622.51724 645.51724 1C35 
C30H50O6 624.4389897 647.4389897 7C36 
C31H52O6 624.53289 647.53289 C35 
C32H54O6 626.4546397 649.4546397 6C36 
C33H56O6 628.4702898 651.4702898 5C36 
C34H58O6 628.4702898 651.4702898 8C36 
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C35H60O6 630.4859399 653.4859399 4C36 
C36H62O6 632.5015899 655.5015899 3C36 
C37H64O6 634.4233396 657.4233396 9C37 
C38H66O6 634.51724 657.51724 2C36 
C39H68O6 636.53289 659.53289 1C36 
C40H70O6 638.4546397 661.4546397 7C37 
C41H72O6 638.5485401 661.5485401 C36 
C42H74O6 640.4702898 663.4702898 6C37 
C43H76O6 642.4859399 665.4859399 5C37 
C44H78O6 642.4859399 665.4859399 8C37 
C45H80O6 644.5015899 667.5015899 4C37 
C46H82O6 646.51724 669.51724 3C37 
C47H84O6 648.4389897 671.4389897 9C38 
C48H86O6 648.53289 671.53289 2C37 
C49H88O6 650.5485401 673.5485401 1C37 
C50H90O6 652.4702898 675.4702898 7C38 
C51H92O6 652.5641902 675.5641902 C37 
C52H94O6 654.4859399 677.4859399 6C38 
C53H96O6 656.5015899 679.5015899 5C38 
C54H98O6 656.5015899 679.5015899 8C38 
C55H100O6 658.51724 681.51724 4C38 
C56H102O6 660.53289 683.53289 3C38 
C57H104O6 662.4546397 685.4546397 9C39 
C58H106O6 662.5485401 685.5485401 2C38 
C59H108O6 664.5641902 687.5641902 1C38 
C60H110O6 666.4859399 689.4859399 7C39 
C61H112O6 666.5798402 689.5798402 C38 
C62H114O6 668.5015899 691.5015899 6C39 
C63H116O6 670.51724 693.51724 5C39 
C64H118O6 670.51724 693.51724 8C39 
C65H120O6 672.53289 695.53289 4C39 
C66H122O6 674.5485401 697.5485401 3C39 
C67H124O6 676.4702898 699.4702898 9C40 
C68H126O6 676.5641902 699.5641902 2C39 
C69H128O6 678.5798402 701.5798402 1C39 
C70H130O6 680.5015899 703.5015899 7C40 
C71H132O6 680.5954903 703.5954903 C39 
C72H134O6 682.51724 705.51724 6C40 
C73H136O6 684.53289 707.53289 5C40 
C23H34O6 684.53289 707.53289 8C40 
C24H36O6 686.5485401 709.5485401 4C40 
C25H38O6 688.5641902 711.5641902 3C40 
C26H40O6 690.4859399 713.4859399 9C41 
C27H42O6 690.5798402 713.5798402 2C40 
C28H44O6 692.5954903 715.5954903 1C40 
C29H46O6 694.51724 717.51724 7C41 
C30H48O6 694.6111404 717.6111404 C40 
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C31H50O6 696.53289 719.53289 6C41 
C32H52O6 698.5485401 721.5485401 5C41 
C33H54O6 698.5485401 721.5485401 8C41 
C34H56O6 700.5641902 723.5641902 4C41 
C35H58O6 702.5798402 725.5798402 3C41 
C36H60O6 704.5015899 727.5015899 9C42 
C37H62O6 704.5954903 727.5954903 2C41 
C38H64O6 706.6111404 729.6111404 1C41 
C39H66O6 708.53289 731.53289 7C42 
C40H68O6 708.6267904 731.6267904 C41 
C41H70O6 710.5485401 733.5485401 6C42 
C42H72O6 712.5641902 735.5641902 5C42 
C43H74O6 712.5641902 735.5641902 8C42 
C44H76O6 714.5798402 737.5798402 4C42 
C45H78O6 716.5954903 739.5954903 3C42 
C46H80O6 718.51724 741.51724 9C43 
C47H82O6 718.6111404 741.6111404 2C42 
C48H84O6 720.6267904 743.6267904 1C42 
C49H86O6 722.5485401 745.5485401 7C43 
C50H88O6 722.6424405 745.6424405 C42 
C51H90O6 724.5641902 747.5641902 6C43 
C52H92O6 726.5798402 749.5798402 5C43 
C53H94O6 726.5798402 749.5798402 8C43 
C54H96O6 728.5954903 751.5954903 4C43 
C55H98O6 730.6111404 753.6111404 3C43 
C56H100O6 732.53289 755.53289 9C44 
C57H102O6 732.6267904 755.6267904 2C43 
C58H104O6 734.6424405 757.6424405 1C43 
C59H106O6 736.5641902 759.5641902 7C44 
C60H108O6 736.6580906 759.6580906 C43 
C61H110O6 738.5798402 761.5798402 6C44 
C62H112O6 740.5954903 763.5954903 5C44 
C63H114O6 740.5954903 763.5954903 8C44 
C64H116O6 742.6111404 765.6111404 4C44 
C65H118O6 744.6267904 767.6267904 3C44 
C66H120O6 746.5485401 769.5485401 9C45 
C67H122O6 746.6424405 769.6424405 2C44 
C68H124O6 748.6580906 771.6580906 1C44 
C69H126O6 750.5798402 773.5798402 7C45 
C70H128O6 750.6737406 773.6737406 C44 
C71H130O6 752.5954903 775.5954903 6C45 
C72H132O6 754.6111404 777.6111404 5C45 
C73H134O6 754.6111404 777.6111404 8C45 
C23H32O6 756.6267904 779.6267904 4C45 
C24H34O6 758.6424405 781.6424405 3C45 
C25H36O6 760.5641902 783.5641902 9C46 
C26H38O6 760.6580906 783.6580906 2C45 
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C27H40O6 762.6737406 785.6737406 1C45 
C28H42O6 764.5954903 787.5954903 7C46 
C29H44O6 764.6893907 787.6893907 C45 
C30H46O6 766.6111404 789.6111404 6C46 
C31H48O6 768.6267904 791.6267904 5C46 
C32H50O6 768.6267904 791.6267904 8C46 
C33H52O6 770.6424405 793.6424405 4C46 
C34H54O6 772.6580906 795.6580906 3C46 
C35H56O6 774.5798402 797.5798402 9C47 
C36H58O6 774.6737406 797.6737406 2C46 
C37H60O6 776.6893907 799.6893907 1C46 
C38H62O6 778.6111404 801.6111404 7C47 
C39H64O6 778.7050408 801.7050408 C46 
C40H66O6 780.6267904 803.6267904 6C47 
C41H68O6 782.6424405 805.6424405 5C47 
C42H70O6 782.6424405 805.6424405 8C47 
C43H72O6 784.6580906 807.6580906 4C47 
C44H74O6 786.6737406 809.6737406 3C47 
C45H76O6 788.5954903 811.5954903 9C48 
C46H78O6 788.6893907 811.6893907 2C47 
C47H80O6 790.7050408 813.7050408 1C47 
C48H82O6 792.6267904 815.6267904 7C48 
C49H84O6 792.7206908 815.7206908 C47 
C50H86O6 794.6424405 817.6424405 6C48 
C51H88O6 796.6580906 819.6580906 5C48 
C52H90O6 796.6580906 819.6580906 8C48 
C53H92O6 798.6737406 821.6737406 4C48 
C54H94O6 800.6893907 823.6893907 3C48 
C55H96O6 802.6111404 825.6111404 9C49 
C56H98O6 802.7050408 825.7050408 2C48 
C57H100O6 804.7206908 827.7206908 1C48 
C58H102O6 806.6424405 829.6424405 7C49 
C59H104O6 806.7363409 829.7363409 C48 
C60H106O6 808.6580906 831.6580906 6C49 
C61H108O6 810.6737406 833.6737406 5C49 
C62H110O6 810.6737406 833.6737406 8C49 
C63H112O6 812.6893907 835.6893907 4C49 
C64H114O6 814.7050408 837.7050408 3C49 
C65H116O6 816.6267904 839.6267904 9C50 
C66H118O6 816.7206908 839.7206908 2C49 
C67H120O6 818.7363409 841.7363409 1C49 
C68H122O6 820.6580906 843.6580906 7C50 
C69H124O6 820.7519909 843.7519909 C49 
C70H126O6 822.6737406 845.6737406 6C50 
C71H128O6 824.6893907 847.6893907 5C50 
C72H130O6 824.6893907 847.6893907 8C50 
C73H132O6 826.7050408 849.7050408 4C50 
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C23H30O6 828.7206908 851.7206908 3C50 
C24H32O6 830.6424405 853.6424405 9C51 
C25H34O6 830.7363409 853.7363409 2C50 
C26H36O6 832.7519909 855.7519909 1C50 
C27H38O6 834.6737406 857.6737406 7C51 
C28H40O6 834.767641 857.767641 C50 
C29H42O6 836.6893907 859.6893907 6C51 
C30H44O6 838.7050408 861.7050408 5C51 
C31H46O6 838.7050408 861.7050408 8C51 
C32H48O6 840.7206908 863.7206908 4C51 
C33H50O6 842.7363409 865.7363409 3C51 
C34H52O6 844.6580906 867.6580906 9C52 
C35H54O6 844.7519909 867.7519909 2C51 
C36H56O6 846.767641 869.767641 1C51 
C37H58O6 848.6893907 871.6893907 7C52 
C38H60O6 848.7832911 871.7832911 C51 
C39H62O6 850.7050408 873.7050408 6C52 
C40H64O6 852.7206908 875.7206908 5C52 
C41H66O6 852.7206908 875.7206908 8C52 
C42H68O6 854.7363409 877.7363409 4C52 
C43H70O6 856.7519909 879.7519909 3C52 
C44H72O6 858.6737406 881.6737406 9C53 
C45H74O6 858.767641 881.767641 2C52 
C46H76O6 860.7832911 883.7832911 1C52 
C47H78O6 862.7050408 885.7050408 7C53 
C48H80O6 862.7989411 885.7989411 C52 
C49H82O6 864.7206908 887.7206908 6C53 
C50H84O6 866.7363409 889.7363409 5C53 
C51H86O6 866.7363409 889.7363409 8C53 
C52H88O6 868.7519909 891.7519909 4C53 
C53H90O6 870.767641 893.767641 3C53 
C54H92O6 872.6893907 895.6893907 9C54 
C55H94O6 872.7832911 895.7832911 2C53 
C56H96O6 874.7989411 897.7989411 1C53 
C57H98O6 876.7206908 899.7206908 7C54 
C58H100O6 876.8145912 899.8145912 C53 
C59H102O6 878.7363409 901.7363409 6C54 
C60H104O6 880.7519909 903.7519909 5C54 
C61H106O6 880.7519909 903.7519909 8C54 
C62H108O6 882.767641 905.767641 4C54 
C63H110O6 884.7832911 907.7832911 3C54 
C64H112O6 886.7050408 909.7050408 9C55 
C65H114O6 886.7989411 909.7989411 2C54 
C66H116O6 888.8145912 911.8145912 1C54 
C67H118O6 890.7363409 913.7363409 7C55 
C68H120O6 890.8302413 913.8302413 C54 
C69H122O6 892.7519909 915.7519909 6C55 
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C70H124O6 894.767641 917.767641 5C55 
C71H126O6 894.767641 917.767641 8C55 
C72H128O6 896.7832911 919.7832911 4C55 
C73H130O6 898.7989411 921.7989411 3C55 
C23H28O6 900.7206908 923.7206908 9C56 
C24H30O6 900.8145912 923.8145912 2C55 
C25H32O6 902.8302413 925.8302413 1C55 
C26H34O6 904.7519909 927.7519909 7C56 
C27H36O6 904.8458913 927.8458913 C55 
C28H38O6 906.767641 929.767641 6C56 
C29H40O6 908.7832911 931.7832911 5C56 
C30H42O6 908.7832911 931.7832911 8C56 
C31H44O6 910.7989411 933.7989411 4C56 
C32H46O6 912.8145912 935.8145912 3C56 
C33H48O6 914.7363409 937.7363409 9C57 
C34H50O6 914.8302413 937.8302413 2C56 
C35H52O6 916.8458913 939.8458913 1C56 
C36H54O6 918.767641 941.767641 7C57 
C37H56O6 918.8615414 941.8615414 C56 
C38H58O6 920.7832911 943.7832911 6C57 
C39H60O6 922.7989411 945.7989411 5C57 
C40H62O6 922.7989411 945.7989411 8C57 
C41H64O6 924.8145912 947.8145912 4C57 
C42H66O6 926.8302413 949.8302413 3C57 
C43H68O6 928.7519909 951.7519909 9C58 
C44H70O6 928.8458913 951.8458913 2C57 
C45H72O6 930.8615414 953.8615414 1C57 
C46H74O6 932.7832911 955.7832911 7C58 
C47H76O6 932.8771915 955.8771915 C57 
C48H78O6 934.7989411 957.7989411 6C58 
C49H80O6 936.8145912 959.8145912 5C58 
C50H82O6 936.8145912 959.8145912 8C58 
C51H84O6 938.8302413 961.8302413 4C58 
C52H86O6 940.8458913 963.8458913 3C58 
C53H88O6 942.767641 965.767641 9C59 
C54H90O6 942.8615414 965.8615414 2C58 
C55H92O6 944.8771915 967.8771915 1C58 
C56H94O6 946.7989411 969.7989411 7C59 
C57H96O6 946.8928415 969.8928415 C58 
C58H98O6 948.8145912 971.8145912 6C59 
C59H100O6 950.8302413 973.8302413 5C59 
C60H102O6 950.8302413 973.8302413 8C59 
C61H104O6 952.8458913 975.8458913 4C59 
C62H106O6 954.8615414 977.8615414 3C59 
C63H108O6 956.7832911 979.7832911 9C60 
C64H110O6 956.8771915 979.8771915 2C59 
C65H112O6 958.8928415 981.8928415 1C59 
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C66H114O6 960.8145912 983.8145912 7C60 
C67H116O6 960.9084916 983.9084916 C59 
C68H118O6 962.8302413 985.8302413 6C60 
C69H120O6 964.8458913 987.8458913 5C60 
C70H122O6 964.8458913 987.8458913 8C60 
C71H124O6 966.8615414 989.8615414 4C60 
C72H126O6 968.8771915 991.8771915 3C60 
C73H128O6 970.7989411 993.7989411 9C61 
C23H32O6 970.8928415 993.8928415 2C60 
C24H34O6 972.9084916 995.9084916 1C60 
C25H36O6 974.8302413 997.8302413 7C61 
C26H38O6 974.9241416 997.9241416 C60 
C27H40O6 976.8458913 999.8458913 6C61 
C28H42O6 978.8615414 1001.861541 5C61 
C29H44O6 978.8615414 1001.861541 8C61 
C30H46O6 980.8771915 1003.877191 4C61 
C31H48O6 982.8928415 1005.892842 3C61 
C32H50O6 984.8145912 1007.814591 9C62 
C33H52O6 984.9084916 1007.908492 2C61 
C34H54O6 986.9241416 1009.924142 1C61 
C35H56O6 988.8458913 1011.845891 7C62 
C36H58O6 988.9397917 1011.939792 C61 
C37H60O6 990.8615414 1013.861541 6C62 
C38H62O6 992.8771915 1015.877191 5C62 
C39H64O6 992.8771915 1015.877191 8C62 
C40H66O6 994.8928415 1017.892842 4C62 
C41H68O6 996.9084916 1019.908492 3C62 
C42H70O6 998.8302413 1021.830241 9C63 
C43H72O6 998.9241416 1021.924142 2C62 
C44H74O6 1000.939792 1023.939792 1C62 
C45H76O6 1002.861541 1025.861541 7C63 
C46H78O6 1002.955442 1025.955442 C62 
C47H80O6 1004.877191 1027.877191 6C63 
C48H82O6 1006.892842 1029.892842 5C63 
C49H84O6 1006.892842 1029.892842 8C63 
C50H86O6 1008.908492 1031.908492 4C63 
C51H88O6 1010.924142 1033.924142 3C63 
C52H90O6 1012.845891 1035.845891 9C64 
C53H92O6 1012.939792 1035.939792 2C63 
C54H94O6 1014.955442 1037.955442 1C63 
C55H96O6 1016.877191 1039.877191 7C64 
C56H98O6 1016.971092 1039.971092 C63 
C57H100O6 1018.892842 1041.892842 6C64 
C58H102O6 1020.908492 1043.908492 5C64 
C59H104O6 1020.908492 1043.908492 8C64 
C60H106O6 1022.924142 1045.924142 4C64 
C61H108O6 1024.939792 1047.939792 3C64 
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C62H110O6 1026.861541 1049.861541 9C65 
C63H112O6 1026.955442 1049.955442 2C64 
C64H114O6 1028.971092 1051.971092 1C64 
C65H116O6 1030.892842 1053.892842 7C65 
C66H118O6 1030.986742 1053.986742 C64 
C67H120O6 1032.908492 1055.908492 6C65 
C68H122O6 1034.924142 1057.924142 5C65 
C69H124O6 1034.924142 1057.924142 8C65 
C70H126O6 1036.939792 1059.939792 4C65 
C71H128O6 1038.955442 1061.955442 3C65 
C72H130O6 1040.877191 1063.877191 9C66 
C73H132O6 1040.971092 1063.971092 2C65 
C23H24O6 1042.986742 1065.986742 1C65 
C24H26O6 1044.908492 1067.908492 7C66 
C25H28O6 1045.002392 1068.002392 C65 
C26H30O6 1046.924142 1069.924142 6C66 
C27H32O6 1048.939792 1071.939792 5C66 
C28H34O6 1048.939792 1071.939792 8C66 
C29H36O6 1050.955442 1073.955442 4C66 
C30H38O6 1052.971092 1075.971092 3C66 
C31H40O6 1054.892842 1077.892842 9C67 
C32H42O6 1054.986742 1077.986742 2C66 
C33H44O6 1057.002392 1080.002392 1C66 
C34H46O6 1058.924142 1081.924142 7C67 
C35H48O6 1059.018042 1082.018042 C66 
C36H50O6 1060.939792 1083.939792 6C67 
C37H52O6 1062.955442 1085.955442 5C67 
C38H54O6 1062.955442 1085.955442 8C67 
C39H56O6 1064.971092 1087.971092 4C67 
C40H58O6 1066.986742 1089.986742 3C67 
C41H60O6 1068.908492 1091.908492 9C68 
C42H62O6 1069.002392 1092.002392 2C67 
C43H64O6 1071.018042 1094.018042 1C67 
C44H66O6 1072.939792 1095.939792 7C68 
C45H68O6 1073.033692 1096.033692 C67 
C46H70O6 1074.955442 1097.955442 6C68 
C47H72O6 1076.971092 1099.971092 5C68 
C48H74O6 1076.971092 1099.971092 8C68 
C49H76O6 1078.986742 1101.986742 4C68 
C50H78O6 1081.002392 1104.002392 3C68 
C51H80O6 1082.924142 1105.924142 9C69 
C52H82O6 1083.018042 1106.018042 2C68 
C53H84O6 1085.033692 1108.033692 1C68 
C54H86O6 1086.955442 1109.955442 7C69 
C55H88O6 1087.049342 1110.049342 C68 
C56H90O6 1088.971092 1111.971092 6C69 
C57H92O6 1090.986742 1113.986742 5C69 
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C58H94O6 1090.986742 1113.986742 8C69 
C59H96O6 1093.002392 1116.002392 4C69 
C60H98O6 1095.018042 1118.018042 3C69 
C61H100O6 1096.939792 1119.939792 9C70 
C62H102O6 1097.033692 1120.033692 2C69 
C63H104O6 1099.049342 1122.049342 1C69 
C64H106O6 1100.971092 1123.971092 7C70 
C65H108O6 1101.064992 1124.064992 C69 
C66H110O6 1102.986742 1125.986742 6C70 
C67H112O6 1105.002392 1128.002392 5C70 
C68H114O6 1105.002392 1128.002392 8C70 
C69H116O6 1107.018042 1130.018042 4C70 
C70H118O6 1109.033692 1132.033692 3C70 
C71H120O6 1111.049342 1134.049342 2C70 
C72H122O6 1113.064992 1136.064992 1C70 
C73H124O6 1115.080642 1138.080642 C70 
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Appendix II DATA MATRIX of the reference natural materials used for the multivariate statistical 
analysis 
 
TAG VM VN VG VL VC VLU VS VPP VPA OL1 OL2 OL3 OL4 
C46 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
C48 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.8 0.0 0.0 0.0 0.0 
C50 0.0 0.0 0.0 0.0 0.0 3.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
C52 0.0 0.0 0.0 0.0 0.0 1.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
c55 0.0 0.0 0.0 0.0 1.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
C56 0.0 0.0 0.0 1.5 1.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
1C21 0.0 0.0 0.0 0.0 0.0 0.0 6.1 0.0 0.0 0.0 0.0 0.0 0.0 
1C46 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
1C47 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
1C48 0.0 0.0 0.0 0.0 0.0 1.6 0.0 0.0 1.7 0.0 0.0 0.0 0.0 
1C50 3.8 0.0 0.0 0.0 0.0 9.2 7.2 0.0 12.6 2.0 1.9 3.2 1.6 
1C51 0.0 0.0 0.0 1.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
1C52 1.4 0.0 0.0 3.9 3.9 6.1 0.0 0.0 4.1 1.1 1.0 1.1 2.1 
1C53 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
1C54 0.0 0.0 0.0 1.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
1c55 0.0 0.0 0.0 0.0 2.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
1c56 0.0 0.0 0.0 0.0 2.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
2C46 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
2C48 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.0 0.0 0.0 0.0 
2C50 1.3 0.0 0.6 0.0 0.0 6.6 0.0 7.1 2.2 0.0 0.8 2.3 1.7 
2C51 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
2C52 9.6 1.7 2.2 1.3 0.0 17.5 0.0 0.0 14.6 16.7 16.0 19.0 20.4 
2C53 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
2C54 4.4 0.0 1.1 10.1 9.6 0.0 4.4 2.0 4.7 6.3 6.1 4.5 3.7 
2C56 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.1 0.0 0.0 
2C58 0.8 0.0 0.0 0.0 0.0 0.0 1.9 0.0 0.0 1.1 0.0 0.0 0.0 
3C50 0.0 0.0 0.0 0.0 0.0 1.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
3C52 3.8 5.3 4.8 6.4 12.2 0.0 0.0 7.1 6.1 7.1 6.8 11.0 7.5 
3C53 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
3C54 36.9 2.7 7.2 0.0 13.3 12.3 0.0 0.0 34.1 38.1 36.5 31.2 33.9 
3C56 0.0 0.0 0.0 0.0 3.4 0.0 0.0 0.0 0.0 1.1 1.1 0.7 0.0 
4C52 3.4 12.1 6.9 2.3 0.0 4.6 16.0 19.1 1.5 1.4 1.3 3.0 2.2 
4c53 0.0 0.0 0.0 1.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
4C54 8.2 11.7 13.1 14.7 15.9 0.0 15.2 10.2 5.4 16.1 15.4 15.2 15.0 
4C56 0.0 0.0 0.0 0.0 1.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
5C52 0.0 3.1 0.0 6.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
5C54  9.2 16.9 21.7 3.2 26.7 0.0 21.3 18.1 3.1 3.7 3.5 4.9 3.4 
6C42 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
6C51 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
6C54 6.5 29.2 17.8 14.6 0.0 0.0 16.0 26.5 1.5 0.0 0.0 0.0 0.0 
7C48 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
7C53 0.0 0.0 0.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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7C54 0.0 12.8 0.0 13.1 0.0 0.0 7.1 1.2 0.0 0.0 0.0 0.0 0.0 
7C56 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
8C52 0.0 0.0 0.0 6.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
8C54 9.5 0.0 21.7 3.2 0.0 0.0 1.9 0.0 3.1 0.0 3.5 0.0 0.0 
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